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New  Reagents  for  CVD  and  CVI  of  Carbon  Containing 
Boron  and  Other  Oxidation  Inhibitors 


EXECUTIVE  SUMMARY 


Introduction 

The  objectives  of  this  three-year  project  were  to:  (1)  identify  and  evaluate  new 
multielement  reagents  to  be  used  for  the  deposition  of  carbon  containing  one  or  more  of  the 
oxidation  inhibitors  boron  and  silicon,  (2)  determine  the  feasibility  of  the  forced  flow-thermal 
gradient  CVI  process  for  the  rapid  fabrication  of  carbon-carbon  composites,  and  (3)  understand 
the  CVD  of  SiC  and  boron  carbide  and  codeposition  of  these  two  phases  since  these  materials 
have  potential  as  oxidation  protective  coatings  and  matrices  for  carbon-carbon  and  other 
composites.  Only  satisfactory  progress  was  made  on  objective  No.  1 ,  but  excellent  progress  was 
made  in  regard  to  the  other  two  objectives.  Carbon-carbon  was  prepared  in  3  h  using  the  forced 
flow-thermal  gradient  chemical  vapor  infiltration  process  (FCVI)  and  a  thorough  kinetics  and 
deposit  microstructure  knowledge  base  was  established  for  the  CVD  of  SiC,  boron  carbide,  and 
codeposition  of  these  materials.  A  novel  technique  for  monitoring  the  progression  of 
densification  during  CVI  was  conceived  and  demonstrated.  Importantly,  a  new  class  of 
materials,  laminated  matrix  composites,  was  produced. 

Carbon-Boron  Films  via  New  Reagents 

The  feasibility  of  using  organoboranes  as  precursors  for  the  deposition  of  carbon-boron 
films  in  a  hot-wall  CVD  furnace  was  investigated.  The  reagents  studied  include  trimethylborane, 
triethylborane,  tributylborane,  and  triphenylborane.  The  films  deposited  from  trimethylborane 
were  rich  in  carbon  and  did  not  contain  boron.  Films  deposited  from  triethyl  and  tributylborane 
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were  rich  in  boron  at  low  temperatures  and  pressures  and  rich  in  barbon  at  high  temperatures 
and  pressures.  We  believe  conventional  reagents,  rather  than  organoboranes,  are  better  suited 
for  CVD  within  the  B-C-Si  system. 

Rapid  Fabrication  of  Carbon-Carbon 

It  was  shown  that  the  FCVI  process  was  well  suited  to  the  rapid  fabrication  of  carbon- 
carbon  composites.  Composites  were  successfully  prepared  using  propylene,  propane,  and 
methane  as  the  source  of  carbon.  When  using  propylene,  dense,  uniform  composites  were 
prepared  in  3  h;  about  7  h  were  required  when  using  propane.  Extensive  microstructural 
characterization  was  performed  and  a  model  was  developed  that  accurately  describes  the  FCVI 
of  carbon. 

Technique  for  Monitoring  CVI 

During  the  study  of  the  FCVI  of  carbon-carbon,  a  "marker  technique"  that  readily 
permits  monitoring  of  the  progression  of  densification  was  conceived  and  demonstrated.  The 
preparation  of  a  carbon-matrix  composite  was  investigated  by  momentarily  interrupting,  at 
various  times,  the  carbon  infiltration  process  to  permit  deposition  of  thin  layers  of  SiC. 
Microscopic  examination  of  these  layers  on  a  polished  cross-section  permitted  determination  of 
the  extent  of  infiltration  at  various  locations  within  the  composite  as  a  function  of  infiltration 
time. 

Laminated  Matrix  Composites 

A  new  type  of  composite,  which  consists  of  a  reinforcement  phase  plus  a  matrix 
composed  of  alternate  thin  layers  of  two  different  materials,  was  conceived.  Layered  structures 
are  known  to  enhance  mechanical  toughness  and  thus,  their  use  as  the  matrix,  along  with  the 
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reinforcement  phase,  should  enhance  the  toughness  of  the  overall  composite.  CVI  appears  to 
be  an  appropriate  process  for  the  fabrication  of  this  class  of  materials.  The  reinforcement  could 
be  either  fibers,  whiskers,  platelets  or  particulates,  used  individually  or  as  a  mixture.  The 
matrix  layers  could  be  either  ceramic,  metallic,  or  polymeric.  We  successfully  fabricated  such 
a  composite  using  the  forced  flow-thermal  gradient  CVI  process.  A  carbon  fibrous  preform  was 
infiltrated  with  alternate  layers  of  C  and  SiC  having  thicknesses  of  0.01  to  0.5  /xm. 

CVD  in  the  B-C-Si  System 

The  influence  of  processing  conditions,  when  using  conventional  reagents,  on  the  CVD 
of  boron  carbide,  SiC,  and  the  codeposition  of  these  two  materials  was  thoroughly  studied. 
Statistically  designed  and  analyzed  experiments  were  used.  Processing  variables  of  interest  were 
temperature,  pressure,  and  flow  rate  of  the  reagents.  Extensive  SEM  and  TEM  characterization 
permitted  correlation  of  microstructure  and  kinetics/mass  transport  with  the  process  variables. 

Codeposition  of  B,3C2  and  SiC  was  successfully  demonstrated  using  the  mixtures  of 
BCl3-t-MTS-l-CH4-l-H2-fAr  in  a  vertical,  hot  wall  reactor  using  a  modified  impinging  jet 
geometry.  A  comparison  of  the  observed  and  predicted  deposition  rate,  where  the  prediction 
was  based  on  the  prior  studies  of  deposition  of  single  phase  B13C2  and  SiC,  showed  that  the  two 
deposition  reactions  did  not  occur  independently.  A  methodology  was  developed  for  comparing 
actual  codeposition  rates  with  rates  predicted  from  single  phase  deposition.  This  work  showed 
that  during  codeposition  crystal  nucleation  and  growth  phenomena  were  important  in  influencing 
the  kinetics  of  the  deposition  process. 
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Fabrication  of  carbon-carbon  composites  by  forced  flow-thermal 
gradient  chemical  vapor  infiltration 

Sundar  Vaidyaraman 

School  of  Chemical  Engineering,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332 
W.  Jack  Lackey  and  Garth  B.  Freeman 

Georgia  Tech  Research  Institute,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332 
Pradeep  K.  Agrawal 

School  of  Chemical  Engineering,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332 
Matthew  D.  Langman 

Georgia  Tech  Research  Institute,  Georgia  Institute  of  Technology,  Atlanta,  Georgia  30332 
(Received  21  November  1994:  accepted  13  February  1995) 

Carbon  fiber-carbon  matrix  composites  were  fabricated  using  the  forced  flow-thermal 
gradient  chemical  vapor  infiltration  (FCVl)  process.  The  preforms  for  the  infiltration 
were  prepared  by  stacking  40  layers  of  carbon  cloth  in  a  graphite  holder.  The  preforms 
were  infiltrated  with  carbon  using  propylene  or  methane  as  a  reactant,  with  hydrogen  as 
a  diluent.  Composites  with  porosities  as  low  as  7%  have  been  processed  within  8-12  h. 
The  highest  deposition  rate  obtained  in  the  present  study  was  ~3  /xm/h,  which  is  more 
than  an  order  of  magnitude  faster  than  the  typical  value  of  0.1-0.25  fim/h  for  the 
isothermal  infiltration  process. 


I.  INTRODUCTION 

Carbon  fiber-carbon  matrix  composites  offer  unique 
capabilities  for  mechanical  systems  in  high  temperature 
(~1000-2000°C)  applications  where  high  strength, 
stiffness,  toughness,  and  thermal  shock  resistance  are 
desired,  as  well  as  light  weight.  These  composites 
are  considered  for  use  as  jet  engine  components,  nose 
cones,  aircraft  disk  brakes,  and  leading  edges  on  the 
space  shuttle  and  high  speed  aircraft.*  Recently,  the 
range  of  applications  has  been  broadened  to  include 
thermal  management  in  electronic  components  and 
aerospace  structures  where  the  high  thermal  conductivity 
of  carbon-carbon  composites  is  advantageous.  Lackey 
and  Starr^  have  reviewed  recent  developments  in  the  CVl 
of  carbon-carbon.  Kotlensky^  has  prepared  an  excellent 
review  of  early  carbon-carbon  CVI  work. 

Carbon-carbon  composites  are  at  present  fabricated 
using  many  cycles  of  resin  or  pitch  infiltration  fol¬ 
lowed  by  carbonization  and  graphitization,  or  by  the 
use  of  the  isothermal  chemical  vapor  infiltration  process 
(CVI).^"^  In  the  CVI  process,  large  isothermal  furnaces 
(hot  zone  of  1.8  m  diameter  and  length  of  2.0  m)  con¬ 
taining  multiple  parts  predominate.  A  hydrocarbon  gas 
is  flowed  through  the  furnace  at  reduced  pressure.  The 
gas  diffuses  into  the  fibrous  preforms  and  reacts  to  de¬ 
posit  the  carbon  matrix  on  the  carbon  fibers.  In  this 
case,  the  deposition  occurs  preferentially  near  the  outer 
surface  of  the  preform  (Fig,  1)  because  the  concentra¬ 
tion  of  the  reagent  is  at  its  maximum  value  near  the 


outer  surface  and  reduces  drastically  on  progressing  in¬ 
side  the  preform.  Also,  this  preferential  deposition  tends 
to  cause  blockage  of  pores  due  to  deposition  of  an 
impermeable  coating  at  the  outer  surface.  Consequently, 
the  infiltration  process  must  be  interrupted  to  machine 
the  impermeable  skin  to  facilitate  the  reagent  flow 
into  the  preform.^  The  isothermal  CVI  process  has  to  be 
carried  out  at  low'  temperatures  and  pressures  in  order 
to  enhance  infiltration;  i.e,,  chemical  reaction  rather 
than  diffusion  should  be  the  rate-limiting  step  in  the 
deposition  process.  Diffusion  is  a  slow  process,  and  the 
low'  temperature  and  pressure  of  the  operation  lead  to 
very  low  deposition  rates  ('^0.1-0.25  yum/h)-;  hence, 
this  method  requires  infiltration  times  on  the  order  of 
several  weeks  and  is  restricted  to  thin  components.  These 
limitations  add  considerably  to  the  cost  of  components 
and  limit  the  application  of  this  material. 

Some  of  the  shortcomings  of  the  above  process  w  ere 
overcome  by  the  rapid  infiltration  process  conceived  by 
Lackey  and  Caputo^  and  Caputo  et  alP'^  That  process 
uses  forced  flow  of  the  reagent  gas  stream  rather  than 
relying  on  diffusion  to  transport  the  reagent  through 
the  preform.  The  forced  flow-thermal  gradient  process 
is  referred  to  as  FCVI.  It  offers  the  advantages  of 
much  reduced  processing  times  due  to  forced  flow  of 
the  reagent  and,  as  a  result,  potential  for  improved 
economics.  In  addition,  it  offers  product  uniformity  and 
the  ability  to  tailor  physical,  chemical,  and  mechanical 
properties.  In  principle,  the  FCVI  process  should  be 
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FIG.  1.  Flow  patterns  for  the  isothermal  CVI  and  FCVl  processes.  The  different  shades  indicate  different  densities,  with  the  lighter  shade 
indicating  less  dense  material. 


applicable  to  the  manufacture  of  a  vast  number  of 
composite  materials  where  the  matrix  could  be  selected 
from  carbon,  oxide,  nitride,  carbide,  boride,  silicide,  or 
metal  families  of  materials. 

In  the  FCVl  process  a  temperature  gradient  on  the 
order  of  200-500  °C  is  applied  across  the  preform, 
and  the  reagent  gases  are  forced  to  flow  through  the 
preform  from  the  cold  to  the  hot  surface  (Fig.  1 ).  Ideally, 
it  is  desirable  to  obtain  uniform  deposition  throughout 
the  preform.  This  can  be  accomplished  by  choosing  the 
reagent  concentration  and  the  temperature  as  well  as 
the  flow  rate  such  that  the  high  reagent  concentration 
at  the  cold  side  offsets  the  lower  temperature,  and  the 
lower  concentration  at  the  hot  side  offsets  the  high  tem¬ 
perature,  resulting  in  a  uniform  deposition  rate.  Also,  the 
temperature  gradient  helps  in  prevention  of  the  formation 
of  an  impermeable  skin  at  the  surface  of  the  preform  that 
is  first  exposed  to  the  reagent.  This  methodology  allows 
the  process  to  be  operated  at  much  higher  temperatures 
than  the  isothermal  process,  thereby  further  reducing  the 
processing  time  significantly.  The  forced  flow-thermal 
gradient  technique  also  offers  greater  flexibility  in  the 
selection  of  the  processing  conditions.  It  is  not  essential 
to  use  the  low  temperatures,  pressures,  and  reagent  con¬ 
centrations  as  in  the  isothermal  process.  Consequently, 
there  is  a  wider  latitude  in  selection  of  the  conditions  to 
obtain  deposits  possessing  the  required  microstructure 
and  properties.^ 

FCVl  has  been  developed  extensively  for  the  fabri¬ 
cation  of  SiC-SiC  composites.  Over  the  past  ten  years, 
development  at  the  Oak  Ridge  National  Laboratory^^ 
and  Georgia  Tech'*’  "  has  brought  this  improved  process 
for  the  manufacture  of  SiC  composites  near  to  com¬ 
mercialization,  In  contrast,  application  of  the  rapid  CVI 
method  to  carbon-carbon  composites  has  been  sparse. 
Gebhart  et  conducted  a  few  infiltration  runs 

for  the  manufacture  of  carbon-carbon  composites  by 


applying  both  a  thermal  gradient  and  forced  flow  of 
the  reagent.  However,  no  detailed  study  of  this  process 
was  carried  out.  In  the  past,  most  researchers  v.ho  did 
not  use  the  isothermal  process  have  focused  on  using  a 
thermal  gr.i  iicnt''*''''  or  forced  flow'**  separately  for  the 
manufacture  of  carbon-carbon  composites.  Hence,  the 
focus  of  the  present  work  was  to  investigate  the  FCVl 
process  for  the  fabrication  of  carbon-carbon  composites, 

II.  EXPERIMENTAL  PROCEDURE 

A.  Preform  fabrication 

A  circular  carbon  cloth  4.8  cm  in  diameter  was  used 
to  prepare  the  preform.  The  carbon  cloth,  obtained  from 
Fabric  Development  Inc.  (Quaker  Town.  PA),  consisted 
of  a  plain  weave  of  T-300  fiber''  containing  3000  fila¬ 
ments  per  tow;  each  filament  had  a  diameter  of  7  ^m. 
Typically,  forty  layers  of  cloth  were  stacked  in  a  graphite 
preform  holder  (Fig.  2).  The  layers  were  stacked  in  such 
a  way  that  each  layer  was  oriented  at  30°  to  the  adjacent 
layer.  Hence,  the  fiber  tows  of  layers  1, 4.  7,  etc.  were  in 
the  same  orientation.  The  lay-up  was  then  compressed 
with  a  graphite  punch  (Fig.  2)  with  a  force  of  ~900  N 
(200  IhO.  The  resulting  preform  holder  assembly  was 
then  dried  in  an  oven  overnight  to  remove  any  moisture. 
This  assembly  was  then  placed  in  a  resistively  heated  hot 
wall  furnace  (Fig.  3)  to  carry  out  the  infiltration  process. 

B.  Apparatus 

The  FCVl  equipment  is  shown  in  Fig.  3.  The  details 
of  the  water-cooled  gas  injector  are  shown  in  Fig.  4. 
The  water-cooled  injector  is  responsible  for  the  estab¬ 
lishment  of  the  thermal  gradient  across  the  preform.  The 
bottom  of  the  preform  holder  assembly  is  cooled  by 
the  injector  and  the  top  is  heated  by  the  furnace.  This 
leads  to  the  development  of  the  temperature  gradient. 
The  temperature  inside  the  preform  and  the  temperature 
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FIG.  2.  Cross  section  of  the  preform  holder  asNembly. 
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FIG.  3.  FCVI  reactor  for  fabrication  of  carbon-carbon  composites. 
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gradient  can  be  varied  by  either  vary'ing  the  height  of 
the  preform  holder  or  the  preform  thickness.  A  taller 
holder  or  a  thicker  preform  reduces  the  cooling  effects 
due  to  the  injector  and  vice  versa.  Three  types  of  preform 
holders,  categorized  by  the  distance  they  extended  above 
the  injector,  were  employed  (Fig.  2).  This  distance  was 
2.54, 5.08,  and  7.62  cm  for  preform  holders  referred  to  as 
types  1,  2,  and  3,  respectively.  A  Grafoil  (UCAR  Carbon 
Company  Inc.,  Cleveland,  OH)  seal  (Fig.  4)  was  used  to 
ensure  that  the  process  gas  stream  was  constrained  to 
flow  through  the  fibrous  preform. 

C.  Reagents 

Table  I  describes  the  reagents  used  in  the  infiltration 
runs.  The  process  gas  stream  typically  consisted  of  a 
carbon  source  gas  and  a  diluent.  The  carbon  source  gas 
employed  for  the  infiltration  runs  included  propylene  and 
methane,  and  the  diluent  was  hydrogen.  The  propylene 
was  99.59c  pure,  polymer  purity  (Matheson,  East  Ruther¬ 
ford,  NJ).  The  methane  was  99.919c  pure,  ullrahigh 
purity,  and  hydrogen  was  99.999%  pure,  ullrahigh  purity 
(Holox,  Atlanta.  GA). 

D.  FCVI  procedure 

The  first  step  before  starting  each  run  was  to  evac¬ 
uate  the  furnace  and  check  for  leaks.  Upon  verification 
that  the  leak  rate  was  below  0.5  Torr/min,  the  furnace 
was  filled  with  argon  to  atmospheric  pressure.  Follow¬ 
ing  this  step,  the  furnace  was  heated  to  the  required 
temperature  with  argon  flowing  in  the  region  outside 
the  reaction  chamber  (Fig.  3);  this  protects  the  heating 
element.  The  furnace  was  operated  at  constant  power 
throughout  the  infiltration  run.  Once  the  temperature 
was  stabilized  ('-'15  min),  the  reagent  gas  plus  diluent 


was  forced  through  the  preform.  The  flow  rates  were 
controlled  using  mass  flow'  controllers  (Model  1259, 
MKS  Instruments  Inc.,  Andover,  MA).  The  pressure 
above  the  preform  was  atmospheric  and  the  pressure  in 
the  reagent  supply  line  was  --3.4  KPa  (0.5  psi)  above 
atmospheric  pressure  at  the  beginning  of  the  run.  This 
pressure  gradient  forced  the  reagent  through  the  preform. 
The  reagent  gas  first  came  in  contact  with  the  cooler  side 
of  the  preform  and  flowed  up  through  the  preform  to  the 
hot  side.  As  the  infiltration  progressed,  the  back  pressure 
increased  as  the  pores  in  the  preform  were  filled  by  the 
deposited  matrix.  The  infiltration  process  was  typically 
terminated  once  the  back  pressure  increased  to  about 
170  KPa  (10  psig).  The  temperatures  at  the  bottom  of  the 
preform  and  that  of  the  graphite  punch  were  measured 
throughout  the  run  using  type  K  thermocouples.  The 
initial  temperature  at  the  top  of  the  preform  was  obtained 
from  a  temperature  calibration,  the  details  of  which 
are  explained  in  the  next  section.  After  cooling  to 
room  temperature,  the  infiltrated  composite  was  removed 
intact  from  the  graphite  preform  holder. 

E.  Temperature  profiling 

Since  light  reflection  from  the  healed  chamber  was 
found  to  interfere  with  use  of  an  optical  pyrometer  that 
sighted  vertically  downw'ard  from  the  top  of  the  furnace, 
a  temperature  calibration  experiment  was  conducted  in 
order  to  relate  the  temperature  at  the  top  of  the  pre¬ 
form  with  the  gas  flow  rate  and  pow'er  supplied  to  the 
furnace.  Typically,  a  thermocouple  for  measuring  the 
temperature  at  the  top  of  the  preform  would  be  insened 
through  the  top  sight  port.  However,  in  these  initial 
runs  it  w'as  judged  important  to  physically  observe  the 
sample  through  the  sight  port  in  order  to  follow  the 


TABLE  I.  Operating  conditions  for  FCVI, 


Preform  temperature  (X) 

Preform  holder  Reagent  flow  rate  Diluent  flow  rate 


Run  no. 

type 

Cloth  layers 

(seem) 

(seem) 

Time  (h) 

Top 

Bottom 

Propylene 

PCVI-4 

3 

40 

200 

200 

1.25 

1300 

1050 

PCVI-5 

1 

40 

125 

375 

10 

160 

PCVI-6 

2 

40 

50 

150 

24.25 

1180 

830 

PCVL8 

2 

40 

100 

100 

8 

1200 

o 

oc 

PCVI-9 

2 

40 

200 

200 

12 

1180 

830 

PCVI-10 

2 

80 

100 

100 

23 

650 

PCVI-12 

2 

10 

100 

100 

2 

850 

PCVI-13 

2 

10 

100 

100 

2 

960 

Methane 

MCVl-1 

1 

40 

250 

250 

31.5 

115 

MCVl-3 

2 

40 

250 

250 

6.5 

560 

MCVL7 

3 

40 

50 

150 

43 

1320 

1 108 

MCVI-II 

3 

40 

50 

50 

38.5 

1320 

1050 
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FIG.  5.  Relationship  between  the  bottom  and  top  temperatures  of  the 
preform  for  two  types  of  preform  holders. 


progress  of  deposition  and  detect  any  changes  in  gas 
flow  rates.  Consequently,  it  was  not  possible  to  measure 
the  temperature  at  the  top  of  the  preform  during  the  run. 

For  the  temperature  profiling  experiment,  type  C  and 
K  thermocouples  were  used  to  measure  the  temperature 
at  the  top  and  bottom  of  the  preform,  respectively.  From 
these  measurements,  it  was  found  that  the  temperature 
at  the  top  of  an  uninfiltrated,  0.85  cm  thick  preform 
was  related  to  the  bottom  temperature,  as  shown  in 
Fig.  5.  The  temperature  differences  between  the  top 
and  the  bottom  of  the  preform  were  —250  “C  with  the 
type  3  holder  and  -350  'C  with  the  type  2  holder  at 
the  operating  conditions.  In  the  actual  runs  the  bottom 


temperature  was  used  to  estimate  the  top  temperature 
using  the  calibration  graph  shown  in  Fig.  5. 


F.  Characterization 

The  fiber  content  and  the  initial  porosity  of  the 
preform  were  obtained  from  the  fiber  mass  and  knowm 
fiber  density  of  1.77  g/cm\  The  apparent  volume  of  the 
composite  was  measured  using  Archimedes  principle 
with  methanol.  The  sample  was  also  weighed  after  sat¬ 
urating  with  methanol  to  permit  calculation  of  the  open 
pore  volume.  These  two  values  were  added  to  obtain  the 
bulk  volume  of  the  composite.  As  a  check  on  the  bulk 
volume,  the  above  procedure  was  repeated  using  distilled 
water.  The  density  of  the  deposited  matrix  was  assumed 
to  be  1 .9  g/cm^  in  order  to  permit  the  calculation  of  the 
total  porosity.  It  was  seen  that  changing  the  assumed 
matrix  density  from  1.8  to  2.1  g/cm’  changed  the  value 
of  the  total  porosity  at  most  by  only  39c.  Densities  in 
the  range  of  1 .9  to  2.0  g/cm^  are  typically  observed  for 
CVI  carbon.''' 

The  composites  were  mounted  in  epoxy,  sectioned, 
and  polished.  The  polished  sections  were  observed  via 
optical  and  scanning  electron  microscopy  to  permit  eval¬ 
uation  of  the  uniformity  of  the  infiltration. 


G.  Mechanical  properties 

The  flexural  strength  of  2.54  cm  (1  in.)  long  beams 
from  the  composites  was  measured  at  room  temperature 
using  four-point  bending.  The  inner  and  the  outer  spans 
were  10  and  20  mm.  respectively.  The  crosshead  speed 
used  was  0.01  in./min. 


TABLE  II.  Propenies  of  the  infiltrated  composites. _ 

Fiber  content  Rate  of  weight  Bulk  density 
Run  no.  (vol%)  gain  (g/h) _ 


Deposition 

Total  porosity  (9c)  Open  porosity  {9c)  efficienc)  {9c) 


Propylene 

PCVI-4 

40.8 

1.73 

0.861 

PCVl-5 

37.5 

-0 

1 .480 

PCVI-6 

52.2 

0.36 

PCVl-8 

58.3 

1.10 

1.686 

PCVl-9 

59.9 

0.69 

1.689 

PCVl-10 

51.4 

0.77 

1.513 

PCVI-12‘' 

53.0 

0.19 

1.028 

PCVI-13“ 

43.3 

0.82 

1.128 

Methane 

MCVl-1 

37.5 

-'0 

MCVl-3 

52.2 

-'0 

1.226 

MCVI*7 

46.3 

0.16 

Mcvi-n 

50.5 

0.25 

1.514 

•One  cloth  layer  came  off  while  removing  the  composite.  Density,  total. 


51.9 

9,0 

--0 

18.5 

7.4 

7.3 

4.2 

11.4 

7.0 

4.1 

3.6 

16.9 

10.2 

8.0 

42.3 

37.0 

1.9 

37.7 

31.0 

7.6 

--0 

~0 

32.3 

10.0 

16.9 

5.0 

15.4 

open  porosity  were  found  for  the  nine* layer  composite. 
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III.  RESULTS  AND  DISCUSSION 

Table  II  summarizes  the  fiber  volume,  weight  gain, 
density,  and  calculated  open  and  total  porosities  of  the 
composites  prepared  by  the  FCVI  process. 

Initially,  the  type  I  preform  holder  was  used 
for  both  propylene  (PCVl-5)  and  methane  (MCVl-1). 
The  preform  temperature  with  this  holder  was  about 
150-400  *C,  which  is  too  low  for  carbon  deposition.  In 
order  to  obtain  higher  preform  temperatures,  the  type 
3  preform  holder  was  employed.  However,  in  the  case 
of  propylene  (PCVI-4),  the  temperature  in  the  punch 
portion  of  the  preform  holder  was  high  enough  to 
pyrolyze  the  reagent.  This  resulted  in  carbon  deposition 
in  the  holes  of  the  punch,  thereby  blocking  the  gas  flow 
to  the  preform. 

This  problem  was  avoided  in  the  subsequent  propy¬ 
lene  runs  by  using  the  type  2  preform  holder.  These 
runs  resulted  in  well-infiltrated  composites,  with  no 
significant  carbon  deposition  in  the  punch.  In  the  case  of 
methane,  the  type  3  preform  holder  was  used,  as  the  typi¬ 
cal  pyrolysis  temperature  of  methane  (~1 100- 1400  °C) 
is  much  higher  than  that  of  propylene. 

The  following  sections  describe  in  more  detail  the 
effect  of  operating  conditions  and  reagent  types  and  flow 
rates  on  porosity,  microstructure,  and  deposition  rate  and 
efficiency. 

A.  Total  porosity 

Composites  with  total  porosities  as  low  as  7%  were 
densified  in  8-12  h  using  a  propylene  concentration 
of  50%  (PCVl-8, 9).  When  the  concentration  was  re¬ 
duced  to  25%  (PCVI-6),  the  final  porosity  increased  to 
-18%.  In  the  case  of  PCVl-10,  a  thicker  preform  was 
employed  which  led  to  a  cooler  bottom  preform  tem¬ 
perature  (650  °C),  resulting  in  higher  total  porosity.  The 
two  runs  conducted  with  10  cloth  layers  (PCVl-12. 13) 
also  resulted  in  high  total  porosity  because  the  runs 
were  terminated  after  2  h  of  infiltration.  The  composites 
prepared  using  methane  had  much  higher  porosity  when 
compared  to  propylene.  For  example,  the  porosity  was 
17%  when  a  50%  concentration  of  methane  was  used, 
compared  to  7%  when  using  the  same  concentration  of 
propylene.  From  the  above  observations  it  can  be  seen 
that  composites  can  be  densified  in  a  very  short  time 
using  the  FCVI  method,  provided  the  proper  operating 
conditions  are  used. 

B.  Open  and  closed  porosity 

The  open  porosity  of  fully  infiltrated  composites  was 
typically  ~4%.  The  closed  porosity  for  propylene  runs 
was  ~3-6%.  In  the  case  of  methane  the  closed  porosity 
was  about  10%.  The  high  value  of  closed  porosity  may 
be  due  to  either  of  the  following  two  reasons:  (i)  the 
actual  matrix  density  may  be  lower  than  the  assumed 


value  of  1.9  g/cm^  used  to  calculate  the  total  porosity, 
or  (ii)  the  kinetics  of  carbon  deposition  from  methane 
for  the  specific  operating  conditions  used  to  prepare 
sample  MCVl-11  result  in  larger  amounts  of  closed 
porosity.  The  first  reason  can  be  discounted  since,  as 
previously  mentioned,  the  calculated  total  porosity  is 
not  very  sensitive  to  the  value  assumed  for  the  matrix 
density.  Hence,  the  second  reason  is  a  more  plausible 
explanation  of  high  closed  porosity  in  methane  runs. 
When  the  composite  contained  only  10  cloth  layers,  the 
open  porosity  was  ~31-37%. 

C.  Microstructure 

It  is  important  to  examine  if  the  infiltration  is 
uniform  throughout  the  thickness  of  the  component. 
Figure  6  shows  scanning  electron  micrographs  of  the 
hot,  middle,  and  cold  side  of  the  composite  from  run 
PCVI-8.  Very  little  difference  in  densification  is  evident 
for  the  three  locations.  Even  when  the  concentration  of 


Top  (1200') 


Middle 


Bottom  (850°C) 


FIG.  6.  Micrographs  of  a  polished  section  of  the  composite  densified 
using  50%  propylene  (PCVI-8). 
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FIG.  8.  Micrograph  of  the  composite  densified  using  259c  methane 
(MCVl-7). 


propylene  was  reduced  to  25%,  extensive  and  apparently 
uniform  densification  was  obtained  (Fig.  7).  However, 
the  pores  remaining  between  the  cloth  layers  were  larger 
in  this  case  compared  to  PCVI-8,  since  less  carbon  was 
deposited.  The  densification  was  found  to  be  uniform  and 
appreciable  when  methane,  instead  of  propyle;>.\  was 
used  as  the  reagent  (Fig.  8).  This  particular  mici  jraph 
is  interesting  in  that  it  shows  how,  during  the  inliiiration 
process,  coating  of  individual  fibers  creates  the  matrix. 
The  present  work  showed  that  the  FCVI  process  is  well 
suited  for  fabricating  carbon-carbon  composites.  That  is, 
uniform  and  thorough  densification  was  achieved  over  a 
w'ide  range  of  operating  conditions  without  any  detailed 
optimization  of  the  process. 


the  infiltration  time.  The  deposition  rates,  expressed  as 
coating  thickness  per  unit  time,  associated  with  macro- 
and  micropores  are  different.  The  deposition  rate  in  the 
micropores  was  much  higher  than  in  the  micropores.  In  a 
cloth  lay-up,  macropores  are  found  between  some  layers 
of  cloth,  and  the  micropores  are  typically  within  the  fiber 
tow  of  a  cloth. 

The  highest  deposition  rate  obtained  from  macro- 
pores  in  this  study  was  2.9-3.0  /itm/h  in  the  run  con¬ 
ducted  with  50%  propylene  (PCVI-8).  This  deposition 
rate  is  comparable  to  that  obtained  for  the  FCVI  pro¬ 
cessing  of  SiC-SiC  composites’*^  and  is  more  than 
an  order  of  magnitude  larger  than  the  deposition  rales 
(0.1-0.25  fjLxn/h)  for  isothermal  CVI  of  carbon  or  SiC.^ 
The  deposition  rate  with  25%  propylene  (PCVI-6)  was 
0.6-0.7  /xm/h.  The  deposition  rate  in  macropores  with 
25%  methane  (MCVI-7)  was  ^0.5  /xm/h. 

The  deposition  rate  in  micropores  was  0.14- 
0.4  fjim/h  at  50%  propylene  concentration  (PCVl-8) 
and  0.05-0.12  /xm/h  for  25%  propylene  concentration 
(PCVI-6).  In  the  case  of  methane,  the  deposition  rate 
was  found  to  be  about  0.04-0.08  /xm/h  (MCVl-7). 

E.  Rate  of  weight  gain 

The  rate  of  weight  gain  when  propylene  was  used 
as  the  reagent  was  much  higher  than  for  methane  under 
similar  flow  conditions.  This  can  be  attributed  to  the 
higher  reactivity  of  propylene.  The  rate  of  weight  gain 
was  about  0.7 -1.1  g/h  for  runs  with  50%  propylene 
concentration  (PCVI-8,  -9,  and  -10).  The  low  rate  of 
w'eigh  gain  for  run  PCVl-9  was  due  to  leakage  of 
the  reagent  during  the  run.  In  the  case  of  PCVMO, 
the  use  of  80  instead  of  40  layers  of  cloth  caused 
overcooling  of  the  bottom  of  the  preform,  resulting 
in  a  smaller  value  for  the  rate  of  weight  gain.  This 
preform  w^as  appreciably  infiltrated  in  23  h,  although 
additional  time  or  higher  flow  rate  would  be  necessary 
to  achieve  optimum  infiltration.  When  the  concentration 
of  the  propylene  was  reduced  to  25%,  the  rate  of  weight 
gain  reduced  to  0.36  g/h. 

For  methane  runs  the  rate  of  weight  gain  was 
0.25  g/h  for  50%  concentration  (MCVI-11)  and 
0.16  g/h  for  25%  concentration  (MCVl-7).  The  rate  of 
weight  gain  w'as  much  lower  for  methane  than  for 
propylene,  even  though  the  methane  runs  w'ere  carried 
out  at  much  higher  temperatures.  This  can  be  explained 
by  the  higher  stability  of  the  radicals  produced  by 
methane  pyrolysis  compared  to  propylene. 


D.  Deposition  rate 

From  the  micrographs  just  presented,  and  similar 
ones,  it  was  also  possible  to  measure  the  coating  thick¬ 
ness  in  macro-  and  micropores.  Deposition  rates  for 
the  two  types  of  regions  were  obtained  by  dividiiig  by 


F.  Deposition  efficiency 

Deposition  efficiency,  or  the  ratio  of  the  moles  of 
carbon  deposited  to  the  total  moles  of  carbon  entering  in 
the  reagent  gas  stream,  is  an  important  process  parame¬ 
ter.  The  observed  deposition  efficiency  with  propylene 
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FIG.  9.  Stress-strain  curv  es  for  four-point  flexural  testing  of  carbon- 
carbon  composites. 


was  between  7  and  ]29c.  The  deposition  efficiency 
with  methane  was  10-15%.  The  only  reported  value 
for  the  deposition  efficiency  for  an  isothermal  process 
was  only  0.8- 1.5%  at  700  °C.'*  The  low  value  for 
deposition  efficiency  for  PCVI-9  can  be  attributed  to 
reagent  leakage.  Even  this  value  is  much  higher  than 
for  the  isothermal  process. 

G.  Mechanical  properties 

Figure  9  gives  the  typical  stress-strain  curves  of 
composites  made  with  propylene  and  methane.  The  com¬ 
posites  made  from  propylene  exhibited  slightly  higher 
strength  and  similar  strain  at  failure  compared  to  those 
made  using  methane,  as  shown  in  Table  III.  The  moduli 
of  the  samples  prepared  using  propylene  and  methane 
were  similar.  The  mechanical  properties  reported  here 
are  comparable  to  the  results  reported  by  Oh  and  Lee” 
for  carbon-carbon  composites  prepared  using  the  thermal 
gradient  method  with  propane. 

The  strength  of  the  composites  can  be  further  in¬ 
creased  by  modifying  the  lay-up  used  to  make  the 
preform.  In  the  configuration  used  in  the  present  work, 
the  nominal  fiber  volume  is  50%  and  a  fiber  fraction  of 
—8%  is  aligned  with  each  fiber  direction  for  a  0°,  30°, 
60°  lay-up.  This  value  can  be  increased  to  —20-25%  by 


TABLE  111.  Mechanical  properties  of  carbon-carbon  composites. 


Propylene  CPCVI-8 

Methane  MCVI-1 1 

Properties 

Sample  1 

Sample  2 

Sample  1 

Sample  2 

Flexural  strength 

MPa  (Ksi) 

Flexural  moidulus 

GPa  (Msi) 

Strain  at  failure  {%) 

113 

(16.4) 

14.95 

(2.17) 

0.77 

98.5 

(14.3) 

16.26 

(2.36) 

0.78 

90.3 

(13.1) 

16.95 

(2.46) 

0.8 

94.4 

(13.7) 

13.37 

(1.94) 

1.0 

employing  a  0-90°  lay-up  which  would  lead  to  increased 
strength. 

H.  Preform  thickness 

The  versatility  of  the  process  was  tested  using  pre¬ 
forms  with  thicknesses  of  0.2,  0.85,  and  1.66  cm  (10. 
40,  and  80  layers  of  cloth).  In  the  case  of  the  thickest 
preform  (PCVI-10),  the  temperature  of  the  bottom  cloth 
was  about  650  °C,  resulting  in  a  more  porous  structure 
in  the  bottom  portion  of  the  preform.  However,  we 
speculate  that  this  limitation  could  be  eliminated  by 
either  employing  the  taller  type  3  preform  holder  or  by 
extending  the  run  time.  The  rate  of  weight  gain  for  this 
run  was  comparable  to  the  runs  carried  out  with  40  cloth 
layers  at  similar  conditions. 

For  the  initial  run  (PCVI-12)  with  10  layers  of 
cloth,  the  preform  was  not  sufficiently  hot  to  achieve 
full  densification.  The  preform  cloth  acts  as  insulation 
between  the  cool  injector  and  the  hot  heating  element 
resulting  in  the  temperature  gradient.  The  reduction 
in  the  number  of  cloth  layers  caused  excess  cooling. 
Consequently,  in  the  following  run  15  layers  of  0.025  cm 
thick  Grafoil  were  added  between  the  preform  and  the 
gas  injector;  holes  were  punched  in  the  Grafoil  to  permit 
gas  flow.  The  presence  of  the  Grafoil  resulted  in  higher 
preform  temperatures  and  higher  weight  gain.  The  rate 
of  weight  gain  was  about  0.8  g/h.  which  is  comparable 
to  the  rate  of  weight  gain  obtained  with  0.85  cm  thick 
preforms.  These  results  show  that  the  FCVI  process  for 
carbon-carbon  composites  is  applicable  to  both  thin  and 
thick  components. 

IV.  CONCLUSIONS 

The  following  conclusions  were  drawn  from  the 
present  work: 

(1)  Dense  carbon-carbon  composites  can  be  fabri¬ 
cated  in  a  relatively  short  time  using  the  FCVI  process. 

(2)  The  deposition  was  uniform  throughout  the 
preform. 

(3)  Composites  with  total  porosities  as  low  as  7% 
were  obtained  in  8-12  h. 

(4)  Propylene  required  shorter  processing  times 
compared  to  methane. 
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Forced  Flow-Thermal  Gradient  Chemical  Vapor  Infiltration  (FCVI) 
for  Fabrication  of  Carbon/Carbon 

S.  Vaidyaraman,  W.  J.  Lackey,  P.  K.  Agrawal  and  G.  B.  Freeman 
Georgia  Institute  of  Technology,  Atlanta,  GA  30332 

Carbon/carbon  composites  are  at  present  fabricated  using  many  cycles  of  resin  or  pitch 
impregnation  followed  by  carbonization  and  frequently  high  temperature  graphitization  [1-2]. 
Since  the  resin  and  pitch  shrin^c  during  the  carbonization  and  graphitization  steps,  numerous 
cycles  of  impregnation  have  to  be  carried  out  to  obtain  sufficiently  dense  components. 
Isothermal  chemical  vapor  infiltration  (CVI)  is  also  well  established  for  the  manufacture  of 
carbon/carbon  composites  [3-6].  In  this  process  the  reactors  have  to  be  operated  at  low 
pressures  and  temperatures  in  an  attempt  to  obtain  uniformly  dense  composites.  The  low 
temperatures  coupled  with  low  pressures  lead  to  very  low  deposition  rates,  hence,  this  method 
requires  infiltration  times  on  the  order  of  several  weeks  and  is  restricted  to  thin  components. 
The  limitations  enumerated  above  for  the  various  processes  add  considerably  to  the  cost  of  the 
components  and  limit  the  application  of  this  material.  Some  of  these  limitations  can  be 
overcome  by  using  the  forced  flow-thermal  gradient  chemical  vapor  infiltration  process  which 
is  often  referred  to  as  FCVI  [7-9].  The  main  advantages  of  this  process  include  reduced 
processing  times  due  to  forced  flow  of  the  reagent  and  uniform  densification  throughout  the 
preform. 

In  the  FCVI  process,  a  temperature  gradient  of  the  order  of  200-500°C  is  applied  across 
the  preform  and  the  reagent  gases  are  forced  to  flow  through  the  cold  to  the  hot  surface  of  the 
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preform.  Ideally,  the  goal  is  to  obtain  uniform  deposition  throughout  the  preform.  This  can  be 
accomplished  by  choosing  reagent  concentration,  temperature,  and  the  flow  rate  such  that  the 
high  reagent  concentration  at  the  cold  side  offsets  the  lower  temperature,  and  the  lower 
concentration  at  the  hot  side  offsets  the  high  temperature  resulting  in  a  uniform  deposition  rate. 
The  goal  of  the  present  work  was  to  rapidly  fabricate  carbon/carbon  composites  with  uniform 
density  using  the  FCVI  process. 

2.  Experimental  Details 

2.1  Preform  Fabrication 

Preforms  were  prepared  by  stacking  40  layers  of  carbon  cloth  in  0-30-60-90®  orientation 
inside  a  graphite  holder.  The  carbon  cloth  consisted  of  a  plain  weave  of  T-300  fibers  containing 
3000  filaments  per  tow;  each  filament  had  a  diameter  of  7  fim.  The  lay-up  was  then  compressed 
with  a  graphite  punch  (Figure  1)  with  a  force  of  ~9(X)  N  (2(X3  Ibf).  The  resulting  preform 
holder  assembly  was  dried  overnight  before  the  infiltration. 

2.2  Apparatus 

The  schematic  of  the  FCVI  process  is  shown  in  Figure  1.  The  water  cooled  injector  is 
responsible  for  the  establishment  of  the  thermal  gradient  across  the  preform.  The  bottom  of  the 
preform  holder  assembly  is  cooled  by  the  injector  and  the  top  is  heated  by  the  furnace.  This 
leads  to  the  development  of  the  temperature  gradient.  The  temperature  inside  the  preform  and 
the  temperature  gradient  can  be  varied  by  either  varying  the  height  of  the  preform  holder  or  the 
preform  thickness.  Three  types  of  preform  holders,  categorized  by  the  distance  extended  above 
the  injector  were  employed  (Figure  1).  The  distance  was  1,  2  and  3  inches  for  preform  holders 
referred  to  as  types  1,  2,  and  3,  respectively. 
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2.3  Reagents 

The  feed  gas  typically  consisted  of  a  caibon  source  gas  and  hydrogen  as  a  diluent.  The 
carbon  source  gases  employed  for  the  infiltration  runs  include  propylene,  propane,  and  methane. 
The  propylene  was  99.5  %  pure,  propane  was  99.5%  pure,  and  methane  was  99.97  %  pure. 

2.4  Procedure 

The  resistively  heated  furnace  was  heated  to  the  required  temperature  with  argon  flowing 
in  the  region  outside  the  reaction  chamber;  this  protects  the  heating  element.  The  furnace  was 
operated  at  constant  power  throughout  the  infiltration  run.  Once  the  temperature  was  stabilized 
(—15  min),  the  reagent  gas  plus  diluent  was  forced  through  the  preform.  All  the  infiltration 
runs  were  carried  out  at  atmospheric  pressure.  As  the  infiltration  progressed,  the  back  pressure 
increased  as  the  pores  in  the  preform  were  filled  with  deposited  matrix.  The  infiltration  process 
was  terminated  once  the  back  pressure  reached  about  69  kPa  (10  psig).  The  temperatures  at  the 
bottom  of  the  preform  were  measured  using  a  K-type  thermocouple.  The  initial  temperature  at 
the  top  of  the  preform  was  obtained  firom  a  calibration  chart,  which  relates  the  furnace  power 
to  the  preform  top  temperature.  Table  1  summarizes  the  operating  conditions  for  different 
infiltration  runs. 

2.5  Characterization 

The  fiber  content  and  the  initial  porosity  of  the  preform  were  obtained  from  the  fiber 
mass  and  known  fiber  density  of  1.77  g/cm^.  The  total  volume  (bulk)  of  the  composite  was 
measured  using  Archimedes’  principle  with  methanol.  The  sample  was  also  weighed  after 
saturating  with  methanol  to  permit  calculation  of  the  open  porosity.  As  a  check  on  the  bulk 
volume,  the  above  procedure  was  repeated  using  water.  The  density  of  the  deposited  matrix  was 
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assumed  to  be  1.9  g/cm^  in  order  to  permit  the  calculation  of  the  total  porosity.  It  was  seen  that 
changing  the  assumed  matrix  density  from  1.8  to  2.1  g/cm’  changed  the  value  of  the  total 
porosity  at  most  by  only  3%.  Densities  in  the  range  1.9  to  2.0  g/cm?  are  typically  observed  for 
CVI  carbon. [10] 

3.  Results 

Table  2  summarizes  the  fiber  volume,  rate  of  weight  gain,  infiltration  time,  density,  and 
calculated  open  and  total  porosity  for  the  composites  prepared  by  FCVI.  Preliminary  infiltration 
runs  showed  that  the  temperature  of  the  preform,  when  using  the  type  1  holder  (~  140-400 °C), 
was  too  low  for  carbon  deposition.  The  type  2  preform  holder,  with  temperatures  for  the  bottom 
of  the  preform  of  -  840®C,  was  employed  to  fabricate  carbon  composites  when  propylene  was 
used  as  the  reagent.  In  the  case  of  methane,  the  longer  type  3  preform  holder  was  used,  as  the 
typical  pyrolysis  temperature  of  methane  (— 1100-1400®C)  is  much  higher  than  that  of 
propylene.  In  the  case  of  propane,  which  requires  intermediate  deposition  temperatures,  the  type 
3  preform  holder  with  a  bottom  temperature  of  ~940°C  was  found  to  be  suitable  for  carbon 
deposition. 

The  following  sections  describe  in  more  detail  the  effect  of  operating  conditions  and  the 
reagent  types  on  porosity,  microstructure,  dqxjsition  rate,  and  rate  of  weight  gain. 

3.1  Porosity 

3.1.1  Total  Porosity 

Composites  with  total  porosities  as  low  as  7%  were  densified  in  8-12  h  using  propylene 
concentrations  of  50%  (PCVI-8,9).  When  the  concentration  of  propylene  was  reduced  to  25% 
(PCVI-6),  the  final  porosity  increased  to  16-18%.  The  porosity  of  the  composite  prqjared  using 
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propane  was  similar  to  that  of  propylene.  For  example,  the  total  porosity  was  8%  with  50% 
propane  (PACVI-16)  as  compared  to  7%  with  50%  propylene  (PCVI-8).  The  composites 
pr^ared  using  methane  had  higher  porosities.  For  example,  the  total  porosity  of  a  composite 
prepared  using  50%  concentration  of  methane  was  17%  compared  to  7%  in  the  case  of 
propylene.  From  the  above  observations  it  can  be  seen  that  the  FCVI  process  has  the  potential 
to  infiltrate  composites  in  a  short  time. 

3.1.2  Open  Porosity 

The  open  porosity  of  infiltrated  composites  was  typically  —4%.  This  value  of  open 
porosity  can  be  subtracted  from  the  total  porosity  to  obtain  the  closed  porosity.  The  closed 
porosity  for  propylene  and  propane  runs  was  —3-4%.  In  the  case  of  methane  the  closed 
porosity  was  about  10%.  This  high  value  of  closed  porosity  may  be  due  to  either  of  the 
following  two  reasons:  (1)  The  actual  matrix  density  may  be  lower  than  the  assumed  value  of 
1.9  g/cm’  used  to  calculate  the  total  porosity,  or  (2)  the  kinetics  of  carbon  deposition  from 
methane  for  the  specific  operating  conditions  used  to  prepare  sample  MCVI-11  result  in  larger 
amounts  of  closed  porosity.  The  first  reason  can  be  discounted  since,  as  previously  mentioned, 
the  calculated  total  porosity  is  not  very  sensitive  to  the  value  assumed  for  matrix  density. 
Hence,  the  second  reason  is  a  more  plausible  explanation  for  the  high  closed  porosity  in  methane 
runs. 

3.2  Microstructure 

Scanning  electron  microscopy  was  used  to  determine  if  the  infiltration  was  uniform 
throughout  the  thickness  of  the  component.  Micrographs  of  the  hot,  middle,  and  cold  side  of  the 
different  composites  prepared  using  propylene  as  the  reagent  showed  very  little  difference  in 
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densification  for  the  three  locations.  An  example  of  the  uniformity  is  shown  in  Figure  2.  The 
densification  was  found  to  be  uniform  and  appreciable  even  in  the  cases  where  methane,  instead 
of  propylene,  was  used  as  the  reagent.  The  present  work  showed  that  the  FCVI  process  is  well 
suited  for  fabricating  carbon/carbon  composites.  That  is,  uniform  and  thorough  densification 
was  achieved  over  a  wide  range  of  operating  conditions  without  any  detailed  optimization. 

3.3  Coating  Thickness 

Using  scanning  electron  microscopy  it  was  possible  to  measure  the  coating  thickness  in 
macro  and  micropores.  In  a  cloth  lay-up,  such  as  that  used  in  the  present  work,  macropores  are 
found  between  the  cloth  layers  and  the  tows  in  a  cloth,  whereas,  micropores  are  found  within 
a  tow  in  a  cloth  layer.  Figure  3  shows  the  coating  thickness  in  micropores  as  a  function  of  the 
distance  from  the  cold  side  of  the  preform  for  sample  PC  VI-8.  It  can  be  clearly  seen  that 
coating  thickness  is  independent  of  position  within  the  composite.  The  scatter  of  the  data  is  due 
to  different  fiber  spacings  in  the  tows  resulting  in  different  coating  thicknesses.  Figure  4  shows 
the  coating  thickness  for  macropores  as  a  function  of  distance  from  the  cold  side  of  the  preform. 
In  this  case  the  coating  thickness  increases  with  increase  in  distance  from  the  cold  side.  The 
coating  thickness  is  about  8  /xm  at  the  cold  side  compared  to  22-24  ^m  at  the  hot  side.  This 
trend  implies  that  the  depletion  of  the  reagent  while  flowing  through  the  preform  did  not  fully 
neutralize  the  effect  due  to  the  temperature  gradient  in  the  preform  for  the  specific  processing 
conditions  used  to  prepare  this  sample.  It  should  be  noted  that  the  highest  coating  thickness  was 
only  3  times  more  than  the  minimum  value.  This  is  considerably  less  variation  than  that 
observed  for  the  isothermal  CVI  process.  This  suggests  that  there  may  be  potential  to  tailor  the 
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concentration  to  get  uniform  macropore  coating  thickness  across  the  preform  with  the  FCVI 
process. 

3.4  Deposition  Rate 

Deposition  rate  was  calculated  by  dividing  the  coating  thickness  by  the  infiltration  time. 
The  deposition  rate  for  macropores  was  different  from  that  for  micropores.  In  the  present  work 
the  highest  deposition  rates  obtained  for  macropores  were  3.0-3.5  im/h  in  the  runs  with  50% 
propylene  (PC VI-8)  and  with  50%  propane  (PACVI-16).  This  deposition  rate  is  comparable  to 
that  obtained  for  FCVI  processing  of  SiC-SiC  composites  [11]  and  is  more  than  an  order  of 
magnitude  larger  than  the  deposition  rates  of  0. 1-0.25  fim/h  for  isothermal  CVI  of  carbon  or  SiC 
[6].  The  deposition  rate  with  25%  propylene  (PCVI-6)  was  0.6-0.7  ftm/h.  The  deposition  rate 
in  macropores  with  25%  methane  (MCVI-7)  was  —0.5  /xm/h. 

The  deposition  rate  in  micropores  was  0. 14-0.4  /xm/h  at  50%  propylene  concentration 
(PCVI-8)  and  0.05-0.12  ;xm/h  for  25%  propylene  concentration  (PCVI-6).  In  the  case  of 
propane  and  methane,  the  deposition  rates  were  found  to  be  0.07-0.2  ftm/h  and  0.04-0.08  /xm/h 
(MCVI-7)  respectively.  The  large  variation  in  the  value  of  the  deposition  rate  in  micropores  for 
a  given  processing  condition  can  be  attributed  to  the  variations  in  the  fiber  spacing. 

3.5  Rate  of  Weight  Gain 

The  rate  of  weight  gain  was  much  higher  when  propylene  or  propane  was  used  as  the 
reagent  compared  to  methane  at  similar  flow  conditions.  The  rate  of  weight  gain  was  0.7-1. 1 
g/h  for  runs  with  50%  propylene  (PCVI-8, 9).  When  the  concentration  of  the  propylene  was 
reduced  to  25%  (PCVI-6)  the  rate  of  weight  gain  reduced  to  0.36  g/h.  The  rate  of  weight  gain 
was  0.88  g/h  for  the  case  of  50%  propane  (PACVI-16).  For  methane  runs  the  rate  of  weight 
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gain  was  0.25  g/h  for  50%  concentration  (MCVI-ll)  and  0.16  g/h  for  25%  concentration 
(MCVI-7).  The  rate  of  weight  gain  was  much  lower  for  methane  than  for  propylene  or 
propane,  even  though  the  methane  runs  were  carried  out  at  much  higher  temperatures.  This  can 
be  explained  by  the  higher  stability  of  the  radicals  produced  by  methane  pyrolysis  compared  to 
propylene  or  propane. 

4.  Conclusions 

The  following  conclusions  were  drawn  from  the  present  work: 

(1)  Dense  carbon/carbon  composites  can  be  fabricated  in  a  relatively  short  time  using  the  FCVI 
process. 

(2)  Composites  with  total  porosities  as  low  as  7%  were  obtained  in  8-12  h. 

(3)  Propylene  and  propane  required  shorter  processing  times  compared  to  methane  to  achieve 
comparable,  or  better,  densities  and  porosities. 
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Table  1.  Operating  Conditions  for  the  FCVI  Process 

Table  2.  Properties  of  the  Infiltrated  Composites 

Figure  1.  Schematic  of  the  FCVI  process. 

Figure  2.  SEM  micrographs  from  Run  PCVI-8  showing  uniform  densification  throughout 
the  composite. 

Figure  3.  Coating  thickness  in  micropores,  located  inside  the  tow,  as  a  function  of 
distance  from  the  bottom  of  the  composite. 

Figure  4.  Coating  thickness  in  macropores  increases  with  distance  from  the  bottom  of 
the  composite. 


Table  1.  Operating  Conditions  for  the  FCVI  Process 


Preform  Temperature  (°C) 


Run 

Preform 

Reagent 

Diluent 

Top 

Bottom 

Number 

Holder 

Flow  Rate 

Flow  Rate 

Type 

(seem) 

(seem) 

Propylene 


PCVI-6 

2 

50 

150 

1180 

830 

PCVI-8 

2 

100 

100 

1200 

850 

PCVI-9 

2 

200 

200 

1180 

830 

Propane 

PACVI-16 

3 

100 

100 

1190 

940 

Methane 

MCVI-7 

3 

50 

150 

1320 

1108 

MCVI-11 

3 

50 

50 

1320 

1050 

Table  2.  Properties  of  the  Infiltrated  Composites 


Run 

Number 

Fiber 

Content 

(v/o) 

Rate  of 
Weight 
Gain 
(g/h) 

Infiltration 

Hme 

(h) 

Bulk 

Density 

(g/cm^ 

Total 

Porosity 

(%) 

Open 

Porosity 

(%) 

Propyloie 

PCVI-6 

52.2 

0.36 

24.25 

1.48 

18.5 

— 

PCVI-8 

58.3 

1.1 

8 

1.69 

7.3 

4.2 

PCVI-9 

59.9 

0.69 

12 

1.69 

7.0 

4.1 

Propane 

PACVI-16 

50.3 

0.88 

14 

1.68 

8.0 

3.6 

Methane 

MCVI-7 

46.3 

0.16 

43 

1.23 

32.3 

— 

MCVI-11 

50.5 

0.25 

38.5 

1.51 

16.9 

5.0 

PREFORM 

HOLDER 


THERMOCOUPLE 


PREFORM 


GAS 

INJECTOR 


PUNCH 


REAGENT 


THERMOCOUPLE 


Figure  1.  Schematic  of  the  FCVI  process; 
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Coating  thickness  in  microporcs,  located  inside  the  tow,  as  a  function  of  distance  from  the  bottom  of  the 
composite. 


Figure  4.  Coating  thickness  in  macropores  increases  with  distance  from  the  bottom  of  the  composite. 
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Abstract 

The  fabrication  of  carbon/carbon  disks  using  the  forced  flow-thermal  gradient  chemical 
vapor  infiltration  process  was  studied  using  a  2^  factorial  statistical  design.  Propylene,  diluted 
with  hydrogen,  was  used  as  the  reagent.  The  independent  variables  were  the  temperature  of  the 
bottom  of  the  fibrous  preform,  concentration  of  the  reagent,  and  total  flow  rate.  The  response 
variables  were  infiltration  time,  final  porosity,  rate  of  weight  gain,  and  uniformity  of 
densification.  It  was  found  that  the  infiltration  time  and  rate  of  weight  gain  were  affected  by 
each  of  the  three  independent  variables.  It  was  also  observed  that  the  densification  of  the 
composites  could  be  monitored  by  the  in-situ  measurement  of  the  back  pressure.  The  composites 
were  cut  into  twelve  slices  1  cm  long,  4  mm  wide  and  2  mm  deep  to  measure  the  uniformity  of 
densification.  It  was  found  that  the  density  of  the  slices  varied  very  little  with  position  within 
an  individual  composite  disk.  Also,  coating  thickness  as  a  function  of  position  was  measured 
for  different  composites.  In  most  of  the  runs  the  coating  thickness  increased  exponentially  from 


the  cold  side  to  the  hot  side  of  the  disk.  The  coating  thicknesses  near  the  cold  and  hot  sides 
were  used  to  calculate  the  rate  constant  for  the  pyrolysis  of  propylene  in  the  preform.  The 
activation  energy  was  found  to  be  - 18.6  Kcal/mol  and  the  rate  constant  is  given  by  In  k=8.2- 
9375. 1/T. 

Keywords:  Carbon  composites,  FCVI,  propylene,  uniformity,  rate  constant. 

1.  Introduction 

Carbon/carbon  composites  are  unique  materials  in  that  they  exhibit  high  specific  strength, 
stiffness  and  toughness,  and  more  importantly,  the  ability  to  retain  these  properties  at  elevated 
temperatures  (1000-2000  °C).  The  applications  of  these  materials  include  rocket  nose  cones, 
aircraft  disc  brakes,  heat  shields  for  re-entry  vehicles,  and  heat  sinks  and  radiators.  The 
different  aspects  of  carbon  composites  have  been  reviewed  extensively  in  journals  [1-3]  and 
books  [4-7]. 

Carbon  composites  are  at  present  fabricated  using  either  an  impregnation  method  or  the 
isothermal  chemical  vapjor  infiltration  (CVI)  process  [3,4].  In  the  former,  the  carbon  preforms 
are  impregnated  with  resin  or  pitch  followed  by  carbonization  and  graphitization.  Both  the  resin 
and  pitch  shrink  during  the  carbonization  and  graphitization  steps,  necessitating  numerous  cycles 
of  impregnation  and  carbonization  to  obtain  dense  carbon  composites.  Also,  the  carbon  matrix 
produced  by  pyrolysis  of  resin  does  not  graphitize  easily  below  30CX)“C  [5].  Further,  there  are 
quality  control  problems  associated  with  use  of  pitch  for  manufacture  of  carbon  composites  [5]. 
The  isothermal  chemical  vapor  infiltration  process  [1,8,9]  has  been  one  of  the  most  prevalent 
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processes  to  fabricate  carbon  composites  for  high  temperature  applications.  The  main 
disadvantages  of  this  process  are  long  processing  times  (500-600  h),  density  gradients,  and  the 
need  to  remove,  via  machining,  the  outer  impermeable  skin  from  the  composite  to  facilitate 
infiltration.  Prior  researchers  have  used  novel  methods  to  overcome  some  of  the  above 
shortcomings  with  limited  success.  For  example,  a  temperature  gradient  [10-13,15]  was  applied 
across  the  thickness  of  the  preform  during  the  infiltration  process  so  that  a  higher  temperature 
at  the  surface  away  from  the  reagent  source  counteracts  the  effect  of  reduced  reagent 
concentration  due  to  diffusion  resulting  in  uniform  densification.  This  results  in  progressive 
densification  from  the  hot  surface  toward  the  cooler  surface.  The  processing  time  required  by 
this  temperature  gradient  process  was  found  to  be  much  shorter  than  for  isothermal  CVI, 
however,  the  effect  of  diffusion  becomes  significant  near  the  end  of  the  infiltration  causing 
significant  reductions  in  the  rate  of  densification.  Kimura  et  al.  [14]  and  Kotlensky  [15] 
employed  forced  flow  of  the  reagent  through  the  thickness  of  the  preform  and  were  able  to 
reduce  the  processing  time.  But  the  depletion  of  reagent  while  flowing  through  the  preform 
resulted  in  non-uniform  densification  and  plugging  of  the  flow  path  at  the  surface  where  the 
reagent  first  contacted  the  preform.  Pulse  CVD  has  also  been  used  to  infiltrate  composites 
[16,17].  The  main  disadvantages  of  this  method  are  the  high  number  of  pulses  required  and  the 
vacuum  equipment.  Hence,  there  is  still  a  need  for  developing  an  infiltration  process  which  will 
produce  dense,  uniform  composites  in  a  short  time. 

The  forced  flow-thermal  gradient  chemical  vapor  infiltration  process  (FCVI)  which 
incorporates  the  advantages  of  both  forced  flow  and  thermal  gradient  processes  has  been  found 
to  be  very  effective  in  rapidly  fabricating  uniformly  dense  SiC/SiC  composites  [18-21].  We 
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have  shown,  in  feasibility  studies,  that  the  FCVI  process  is  also  applicable  to  the  fabrication  of 
carbon/carbon  composites  using  propylene,  propane,  or  methane  [22,23].  The  present  work  was 
undertaken  to  provide  an  in-depth  quantitative  understanding  of  the  FCVI  processing  variables, 

1. e.,  temperature,  propylene  concentration,  and  total  flow  rate  on  the  infiltration  time,  final 
porosity  and  uniformity  of  carbon/carbon  composites.  To  this  end,  a  statistically  designed 
factorial  experiment  was  employed. 

2.  Experimental  Details 

The  details  of  the  equipment  and  experimental  procedure  has  been  explained  elsewhere 
[21].  Briefly,  the  preforms  consisted  of  40  layers  of  T-300  plain  weave  carbon  cloth  oriented 
at  0-30-60°.  These  layers  were  stacked  in  a  graphite  preform  holder  (Figure  1).  The  type  2 
preform  holder,  described  in  the  prior  publication  [22],  which  extends  6.98  cm  above  the  gas 
injector  was  employed  for  the  present  work.  The  height  of  the  preform  holder  affected  the 
temperature  and  the  temperature  gradient  across  the  preform.  The  temperature  difference 
between  the  hot  and  cold  side  with  type  2  preform  holder  was  ~  350°C. 

The  bottom  of  the  preform  holder  (Figure  1)  was  cooled  by  the  water  cooled  gas  injector 
and  the  top  of  the  preform  was  heated  by  the  furnace  resulting  in  the  establishment  of  the 
temperature  gradient.  The  pressure  gradient  forces  the  gas  through  the  preform.  The  feed  gas 
typically  consisted  of  propylene  (99.5%  pure)  with  hydrogen  as  a  diluent.  As  the  infiltration 
progressed,  reduction  in  porosity  resulted  in  an  increase  in  the  back  pressure.  The  runs  were 
typically  terminated  once  the  back  pressure  reached  ~  142  kPa  (6  psig)  for  a  standardized  gas 
flow  consisting  of  100  cmVmin  each  of  propylene  and  hydrogen.  The  temperatures  of  the 
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preform  top  and  bottom  were  monitored  using  K-type  thermocouples  during  the  infiltration.  The 
infiltrated  composites  were  removed  intact  from  the  holder  after  cooling  the  furnace. 

The  apparent  volume  of  the  composite  was  determined  using  Archimides’  principle  with 
methanol  (e  =  0.79  g/cm^).  The  open  pore  volume  was  calculated  by  weighing  the  composite 
saturated  with  methanol.  These  two  values  were  added  to  obtain  the  bulk  volume.  As  a  check 
on  bulk  volumes,  the  above  procedure  was  repeated  with  distilled  water. 

Slices  1  cm  long,  4  mm  wide  and  2  mm  deep  were  cut  out  of  the  composite  to  determine 
the  uniformity  of  the  infiltration.  Four  slices  were  cut  in  the  radial  direction  and  three  slices 
in  the  axial  direction  (Figure  2).  Hence,  there  were  twelve  slices  for  each  composite  sample. 
The  slices  were  identified  as  hot,  middle  or  cold  side  depending  on  the  axial  position  of  the  slice 
and  inside  or  outside  depending  on  their  radial  position.  The  slices  near  the  center  of  the 
composite  were  termed  inside  and  those  which  included  the  circumference  of  the  composite  as 
one  side  were  termed  outside.  The  density  of  each  slice  was  measured  from  its  weight  and 
volume.  The  volume  was  calculated  from  the  dimensions  of  the  slice. 

An  entire  cross-section  of  each  composite  disk  was  mounted  in  epoxy  and  polished.  The 
polished  sections  were  observed  via  scanning  electron  microscopy  in  order  to  measure  coating 
thicknesses  as  a  function  of  position  and  also  to  permit  observation  of  the  composite 
microstructure. 

2.1  Experimental  Design 

The  main  objective  of  the  experimental  design  was  to  obtain  quantitative  data  about 
effects  of  the  three  major  process  variables  with  a  minimum  number  of  experiments.  A  2’ 
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factorial  experiment  [24]  was  judged  to  be  the  most  efficient  method  for  this  purpose.  For  each 
of  the  three  independent  variables  there  was  a  low  and  high  set  point.  For  a  full  factorial 
experimental  design,  experiments  are  conducted  with  all  possible  combinations  of  the  levels  of 
the  factors  to  be  investigated.  In  many  such  designs,  experiments  are  also  conducted  with  all 
the  variables  set  at  their  midpoint  value.  The  latter  type  of  design  was  employed. 

The  first  step  in  designing  the  experiments  was  to  identify  the  independent  variables.  In 
the  present  work  three  independent  variables,  which  affect  the  infiltration  process  significantly, 
were  chosen.  The  variables  included  the  temperature  of  the  bottom  of  the  preform,  propylene 
concentration,  and  total  gas  flow  rate.  A  2^  factorial  experiment  with  replication  of  the  center 
point,  was  conducted.  Table  1  gives  the  high,  low,  and  midpoint  values  for  each  of  the 
independent  variables.  These  values  were  chosen  based  on  previous  feasibility  studies  [22,23]. 
Table  2  lists  the  details  of  the  processing  conditions  for  each  run.  The  final  number  of  data 
points  were  more  than  initially  planned  due  to  replication  of  several  experiments.  The 
replications  were  undertaken  to  ascertain  the  reproducibility  of  the  results.  Experiments  are 
typically  identified  (second  column  in  Table  2)  by  the  level  of  a  factor  in  that  experiment.  For 
example,  "TC"  refers  to  the  experiment  conducted  with  variable  T  (temperature)  and  C 
(propylene  concentration)  at  the  high  value  and  the  variable  Q  (total  flow  rate)  at  its  low  value. 
The  notation  "(1)"  refers  to  all  variables  at  their  low  value. 

The  temperature  of  the  bottom  of  the  preform  was  found  to  vary  as  much  as  -'80°C 
from  the  desired  value  for  many  of  the  experiments  (Figure  3).  Initially,  the  temperature  rose 
rapidly  because  of  reduction  in  the  thermal  conductivity  of  the  gas  between  the  punch  and  the 
injector  (Figure  1),  thereby  reducing  the  cooling  effects  of  the  injector.  The  distance  between 
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the  punch  and  the  injector  was  ~  3  cm  for  the  type  2  preform  holder.  The  thermal  conductivity 
of  the  gas  reduced  as  a  result  of  changing  the  feed  from  pure  hydrogen  to  a  mixture  containing 
propylene  and  hydrogen  at  the  start  of  the  infiltration.  From  the  heat  of  reaction  calculations 
it  was  determined  that  the  exothermic  nature  of  the  propylene  pyrolysis  did  not  contribute 
significantly  to  the  initial  temperature  increase.  In  the  case  of  PCVI-22  (Figure  3),  after  the 
initial  temperature  increase,  the  temperature  essentially  stabilized  at  0.5  h.  After  about  1.25  h, 
the  temperature  at  the  bottom  of  the  preform  began  to  decrease  rapidly.  This  was  attributed  to 
the  reduction  in  the  radiative  contribution  to  the  heating  of  the  bottom  of  the  preform,  due  to 
partial  filling  of  pores  especially  near  the  hot  side.  After  about  2  h,  the  temperature  increased 
as  a  result  of  increased  thermal  conductivity  of  the  composite  caused  by  densification.  In  many 
other  runs  the  furnace  power  had  to  be  increased  to  increase  the  temperature  of  the  bottom  of 
the  preform.  The  decrease  in  temperature  was  more  pronounced  when  high  hydrocarbon 
concentrations  were  used.  Because  of  these  temperature  variations,  a  time  averaged  temperature 
was  employed  for  the  analysis  of  the  data.  Table  2  summarizes  this  averaged  temperature  for 
each  infiltration  run.  Process  variables,  other  than  the  three  being  studied,  were  held  constant. 
Total  pressure  above  the  preform  was  kept  constant  at  1  atm  for  all  experiments.  The  initial 
porosity  of  the  preforms  was  -45%.  Actual  values  for  each  sample  are  given  in  Table  3.  As 
previously  mentioned,  each  run  was  terminated  once  the  back  pressure  reached  142  kPa  for  the 
standardized  flow. 

The  response  variables  for  the  infiltration  process  were  chosen  based  on  the  process  and 
product  requirements.  These  included  infiltration  time,  final  porosity,  rate  of  weight  gain,  and 
the  uniformity  of  densification.  The  uniformity  of  densification  was  ascertained  from  density 
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of  slices  cut  from  a  composite  sample.  Ideally,  one  would  like  to  minimize  the  infiltration  time 
and  final  porosity.  At  the  same  time  the  infiltrated  composite  should  be  uniformly  dense 
independent  of  the  position  within  the  composite. 


2.2  Data  Analysis 

One  method  prevalently  used  to  analyze  unbalanced  designs,  such  as  that  used  here,  is 
regression  [25].  The  main  concern  when  using  regression  is  choosing  the  appropriate  variables. 
In  over-zealousness  to  better  fit  the  response  surface,  one  might  add  independent  variables  which 
do  not  have  any  physical  relationship  to  the  response  variable.  One  way  of  overcoming  this 
limitation  is  to  use  "all  possible-regression  selection  procedure."  In  this  approach  the  response 
is  regressed  against  all  possible  independent  variables  and  their  interactions.  From  this  set,  a 
few  "good"  models  are  chosen  based  on  some  criterion.  These  models  are  in  turn  examined  in 
detail  leading  to  the  selection  of  the  final  regression  model  to  be  employed.  In  the  following 
paragraphs  some  of  the  most  common  criteria  employed  in  the  present  study  for  comparing 
different  regression  models  are  briefly  described. 


Rj,  airerion:  This  value  is  defined  by  the  following: 

2  SSR„  SSE, 

rI  =  - L  =  1 - L 

”  SSTO  SSTO 


(1) 


Where,  SSTO  is  the  total  sum  of  squares  of  the  response,  SSRp  is  the  sum  of  squares  due  to 
regression  and  SSEp  is  the  error  sum  of  squares.  Thus,  gives  an  estimate  of  the  amount  of 
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variation  observed  for  the  response  that  can  be  explained  by  the  regression.  For  example,  a 
value  of  75  %  indicates  that  75  %  of  the  variation  of  the  experimental  data  is  explained  by  that 
particular  regression.  The  error  sum  of  squares  will  always  reduce  as  more  variables  are  added 
to  the  equation.  Hence,  the  value  of  will  always  increase  with  the  addition  of  new  variables. 
This  value  can  be  used  to  ascertain  the  point  where  addition  of  new  variables  does  not  lead  to 
an  appreciable  improvement  of  the  model. 

R;  criterion:  This  is  the  adjusted  coefficient  of  multiple  regression  which  takes  the 
number  of  independent  variables  into  account.  The  value  of  can  be  found  using  Equation  (2). 


Where  'n’  is  the  number  of  data  points  and  'p-T  gives  the  number  of  independent  variables  in 
the  regression  equation.  The  value  of  does  not  always  increase  with  the  addition  of  new 
independent  variables.  Thus,  one  can  find  the  "best"  regression  by  finding  the  equation  that 
yields  the  maximum  R^  value. 

Cp  Criterion:  This  is  concerned  with  the  "total  mean  squared  error"  of  the  'n’  fitted 
values  for  each  regression  model.  The  Cp  values  for  different  regression  models  are  plotted 
against  the  value  of  'p’  for  the  model.  Models  whose  Cp  value  fall  near  the  line  Cp=  p  are 
preferable  since  they  have  minimum  bias.  Where  bias  is  defined  as  the  difference  between  the 
predicted  value  with  the  regression  and  the  mean  of  the  response  variable. 
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t-rario:  It  is  defined  as  the  ratio  of  the  value  of  the  coefficient  in  the  regression  equation 
to  the  standard  deviation  of  the  same.  If  the  value  of  the  t-ratio  is  greater  than  2.0  then  the 
effect  of  the  variable  is  considered  significant. 

The  above  criteria  were  applied  to  the  regression  model.  It  is  also  important  to  find  the 
influence  of  a  given  data  point  on  the  regression  especially  for  cases  with  a  limited  number  of 
data  points.  In  the  following  paragraph  the  parameter  used  to  find  the  influence  of  a  given  data 
point  is  explained. 

Influence  of  fitted  values  (DFFITS):  This  gives  a  measure  of  the  influence  of  a  particular 
point  on  the  fitted  regression.  It  is  defined  as 

A  A 

iDFFITS).  =  (3) 

,jmEgr, 

Where  is  the  fitted  value  of  the  Hh  case  when  all  n  cases  are  used  to  fit  the  regression,  Yi^j 
is  the  fitted  value  for  the  hh  case  when  the  hh  case  is  omitted  in  fitting  the  regression,  and  ha 
is  the  leverage  value.  The  influence  of  a  data  point  on  the  regression  was  considered  very  high 
if  the  DFFITS  value  was  much  greater  than  1. 

The  above  criteria  were  applied  to  the  data  collected  in  the  present  work  for  developing 
a  model  relating  the  response  to  the  independent  variables.  Even  though  these  criterion  were 
employed,  the  final  choice  of  the  model  was  based  on  the  physical  laws  of  the  process.  In  a  few 
instances  models  which  represented  the  physical  phenomena  of  the  process  better  were  chosen 
even  though  the  statistical  criteria  pointed  to  other  models. 
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3.  Results  and  Discussion 


Table  3  lists  the  infiltration  time,  rate  of  weight  gain,  porosity,  density  and  deposition 
efficiency  for  the  15  FCVI  runs.  The  following  sections  explain  in  detail  the  relationships  found 
between  the  response  variables  and  the  independent  variables.  The  regressions  were  performed 
against  the  coded  variables  (Table  2)  to  help  in  ascertaining  the  relative  effect  of  changing  the 
independent  variables  on  the  response. 

3.1  Infiltration  Time 

The  infiltration  time  is  defined  as  the  time  taken  for  the  back  pressure  to  reach  142  kPa 
(6  psig).  In  the  present  work  the  longest  time  (28.5  h)  occurred  when  all  the  variables  were 
kept  at  their  low  level  and  the  minimum  infiltration  time  of  less  than  3  h  occurred  when  all  the 
variables  were  at  their  high  values.  The  infiltration  time  was  regressed  against  different  sets  of 
independent  variables  and  second  order  interactions.  The  resulting  regression  is  given  below: 

Infiltration  Time  =  10.3-3.66r^^-5.43C^^+2.26r^*C^^ 

/^^80.3%  J«=.74.9%  '  ’ 

The  above  regression  equation  showed  satisfactory  fit  to  the  experimental  data. 
However,  when  the  residuals  were  plotted  against  the  predicted  values  the  graph  showed  a  trend. 
In  an  ideal  case  the  residuals  must  be  random  with  respect  to  the  predicted  values.  The  presence 
of  a  trend  suggested  curvilinear  effects  in  the  response  and  a  simple  linear  regression  was  not 
adequate  to  explain  the  data.  The  response  could  be  linearized  by  use  of  a  simple 
transformation.  Also,  analysis  of  each  data  point  indicated  that  the  DFFITS  values  for 
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experiment  "(1)"  was  2.52.  This  implied  that  this  data  point  was  an  outlier.  However,  there 
were  no  experimental  reasons  to  delete  this  point  from  the  regression  equation. 

There  are  many  standard  transformations,  for  example,  logarithmic,  square  root,  squares, 
etc.  Hence,  it  was  important  to  choose  the  appropriate  transformation  to  analyze  the  data.  In 
the  present  work,  the  Box-Cox  criteria  [26]  was  employed  in  choosing  the  transformation.  This 
criteria  is  based  on  reducing  the  error  sum  of  squares. 

In  the  case  of  infiltration  time,  the  natural  logarithm  transformation  of  the  response 
variable  was  found  to  be  the  most  appropriate.  This  transformed  variable  was  regressed  against 
the  coded  variables  and  the  following  regression  equation  was  found  to  be  the  best  fit  of  the 
experimental  data.  Transformation  also  reduced  the  influence  of  experiment  "(1)"  on  the 
regression  equation. 

Ln  iInfiltranonTime)  =  2.11  -  0.359  7;^-0.541  C^-0.245 

0'21«  K-l  "  91-7®  fi  ‘ 

Each  of  the  three  independent  variables  were  found  to  have  a  significant  effect  on  the  infiltration 
time.  As  temperature,  propylene  concentration,  and  total  flow  rate  were  increased,  the  time 
required  for  densification  decreased  (Table  3).  Concentration  was  found  to  have  the  most 
influence  on  the  infiltration  time  followed  by  temperature  and  flow  rate,  respectively.  The 
interactions  between  the  independent  variables  were  found  to  be  negligible.  The  Cp  value  was 
found  to  be  below  4  which  indicated  little  bias. 
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3.2  Rate  of  Weight  Gain 

The  overall  weight  gain  was  divided  by  the  infiltration  time  to  obtain  the  rate  of  weight 
gain.  This  parameter  could  be  thought  of  as  an  average  mass  deposition  rate  for  a  particular 
experiment.  The  data  were  first  regressed  linearly  and  Equation  (6)  was  obtained. 

Rate  of  Weight  Gain  =  1.55+0.569  7^+0.699  C^^+0.421 
0-497  g/h  rI  =  81.6%  rI  =  76.6% 

In  this  case,  too,  the  plot  of  residual  versus  predicted  values  showed  a  trend.  Also,  a 
Cp  value  much  greater  than  4  indicated  high  bias  in  the  regression  equation.  Consequently,  the 
response  variable  was  transformed  based  on  the  Box-Cox  criteria.  The  natural  logarithm  was 
once  again  found  to  be  the  most  appropriate  transformation.  The  resulting  regression  equation 
is  given  in  Equation  (7). 

Ln  (Rate  of  Weight  Gain)  =  0.234+0.381  T^^+0.503  C^+0.235 
0  229  r}  =  90.5%  rI  -  87.8% 

From  the  above  equation  it  can  be  seen  that  the  rate  of  densification  was  affected  only 
by  the  main  variables,  namely,  the  preform  bottom  temperature,  concentration  of  the  reagent, 
and  the  total  flow  rate;  there  were  no  significant  interaction  terms.  If  kinetics  controlled  the 
reaction,  the  flow  rate  would  not  affect  the  rate  of  densification.  If  mass  transfer  controlled  the 
reaction,  the  temperature  would  have  minimal  effect  on  the  rate  of  densification.  For  the  FCVI 
of  carbon,  for  the  conditions  used  here,  there  appeared  to  be  an  intermediate  regime  where  both 
kinetics  and  mass  transfer  had  an  influence  on  the  rate  of  densification. 
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3.3  Porosiry  arul  Density 

The  final  total  porosity  of  each  composite  disk  was  calculated  assuming  the  density  of 
the  carbon  deposit  to  be  1 .9  g/cm^  It  was  found  that  changing  the  assumed  value  of  the  matrix 
density  from  1.8-2. 1  g/cm^  affected  the  calculated  porosity  at  most  by  only  3%.  Also,  the 
densities  of  carbon  matrices  produced  by  CVI  have  been  observed  to  be  in  the  range  1.9-2. 1 
g/cm^  [12].  The  final  porosity  was  typically  5-10%  with  the  exception  of  sample  PCVI-31.  The 
open  porosity  was  typically  3-6%. 

The  density  of  the  composite  was  found  by  dividing  the  mass  of  the  composite  by  the 
bulk  volume.  The  bulk  density  was  typically  ~  1.65  g/cm^.  The  minimum  and  maximum 
values  were  1.58  and  1.71  g/cm^  The  bulk  density  values  were  analyzed  against  the 
independent  variables  and  their  interactions.  It  was  found  that  the  density  was  independent  of 
preform  bottom  temperature  and  flow  rate  was  only  very  weakly  related  to  the  concentration  of 
the  reagent.  This  weak  correlation  in  the  present  work  was  anticipated  since  the  infiltration  was 
stopped  once  the  back  pressure  reached  a  predetermined  value.  The  back  pressure  is  related  to 
the  permeability  (porosity)  across  the  composite.  This  back  pressure  was  taken  as  a  measure 
of  the  densification.  From  the  present  result  it  was  seen  that  the  back  pressure  is  closely  related 
to  the  final  density  and  could  be  used  to  monitor  and  control  the  densification  of  the  composite. 

3.4  Density  Gradient 

The  density  of  slices  obtained  from  different  parts  of  each  composite  was  determined  to 
evaluate  the  spatial  uniformity  of  densification.  The  bulk  density  of  the  slices  for  different 
composites  are  given  in  Table  4.  The  variation  of  density  with  position  is  shown  by  the  box- 
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and-whisker  plot  (Figure  4).  Half  of  the  values  fall  within  the  box,  the  remaining  half  are 
indicated  by  the  whiskers,  except  for  outliers.  The  horizontal  line  within  the  box  indicates  the 
median  density.  This  figure  shows  that  there  is  little  difference  in  the  bulk  density  between  the 
hot  side  and  middle  of  the  composite.  The  bulk  density  of  slices  from  the  cold  side  exhibited 
lower  values.  It  can  be  observed  for  all  slices,  except  those  from  PCVI-22, 23,  and  28,  that  the 
density  was  ~  1.7  g/cm*  for  the  locations  identified  as  hot  side  and  middle.  In  PCVI-22,  high 
temperatures  and  reagent  concentrations  near  the  hot  side  resulted  in  increased  residual  porosity 
within  the  tow  region  resulting  in  reduced  density,  probably  as  a  result  of  canning.  In  the  case 
of  PCVI-28  the  cold  side  of  the  composite  densified  more  than  the  hot  side  as  can  be  seen  from 
the  density  of  the  slices  and  the  deposition  rate  data  (Figure  5).  Hence,  the  reagent  could  not 
flow  to  the  hot  side  of  the  preform  resulting  in  a  porous  structure.  At  this  point  it  is  not  clear 
why  lower  densities  were  observed  at  the  hot  side  of  composite  PCVI-23,  While  excellent 
reproducibility  for  replicate  runs  was  typically  observed,  this  run  was  an  exception.  It  was  not 
similar  to  other  midpoint  runs. 

The  densities  of  the  slices  from  the  cold  side  of  the  composites  were  typically  1.4-1, 6 
g/cm^  which  is  slightly  lower  than  for  the  hot  portion  or  middle  of  the  composites.  But  even 
these  values  are  only  - 10%  lower  than  the  average  bulk  density.  To  further  analyze  density 
variation  within  a  given  sample,  the  density  range  was  computed  for  each  sample.  The 
minimum  and  maximum  values  were  0.11  (PCVI-24)  and  0.33  (PCVI-21)  g/cm’.  Hence,  it  can 
be  seen  that  rather  uniformly  dense  composites  were  obtained  over  a  very  wide  range  of 
processing  conditions  with  a  single  cycle  of  infiltration  using  the  FCVI  process.  For  those 
samples  having  the  largest  within  sample  variation  in  density,  the  value  was  inflated  by  the  low 
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density  at  the  cold  side.  In  these  instances,  low  temperatures  (~830-860‘’C)  for  the  cold  side 
resulted  in  low  densities  (1.4  -  1.45  g/cm’).  The  density  of  the  cold  side  could  be  increased, 
to  further  improve  the  uniformity,  by  changing  the  operating  conditions  near  the  end  of  the 
infiltration,  i.e.  by  raising  the  temperature. 

3.5  Deposition  rate 

The  coating  thicknesses  in  macropores  (large  pores  between  cloth  layers  and  between 
tows  in  a  cloth  layer)  were  measured  using  a  scanning  electron  microscope.  These  values  were 
divided  by  the  infiltration  time  to  obtain  the  average  deposition  rate.  The  measurements  were 
made  at  three  radial  positions  as  a  function  of  distance  from  the  cold  side  of  the  composite.  The 
resulting  deposition  rates  for  different  composites  are  plotted  in  Figure  5-7.  The  radial  position 
is  denoted  by  the  normalized  variable  "r/R",  where,  "r"  is  the  distance  from  the  center  of  the 
composite,  and  "R"  denotes  the  radius  of  the  composite.  In  all  but  one  run,  the  rate  increased 
with  increasing  distance  from  the  cold  side.  This  implies  that  in  most  of  the  runs  the  depletion 
of  reagent  did  not  neutralize  the  effect  of  increased  temperature.  An  exponential  relationship 
(Table  5)  was  observed  between  deposition  rate  and  the  distance  from  the  cold  side.  An 
exponential  dependence  is  reasonable  given  the  strong  influence  of  temperature  on  the  reaction 
rate.  If  a  linear  thermal  gradient  exists  across  the  preform  thickness,  then,  from  the  temperature 
effect  alone,  an  exponential  variation  in  coating  thickness  would  be  expected.  Run  PCVI-28 
(TC)  (Figure  5)  was  the  exception  to  the  above  behavior.  For  this  run,  the  coating  thickness 
was  much  higher  near  the  cold  side  than  the  hot  side.  This  can  be  attributed  to  the  high 
residence  time  (low  flow  rates)  and  high  temperatures  resulting  in  higher  reagent  conversion  near 
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the  cold  surface.  Consequently,  the  reagent  concentration  profile  would  be  different  in  this  run 
as  compared  to  other  runs.  Hence,  this  run  was  not  included  in  the  following  analysis. 


Where,  "a"  is  the  coefficient  of  the  exponential  factor  in  the  regression  equation  (Table  3)  and 
"z"  is  the  distance  from  the  cold  side.  The  average  thickness  of  the  composites  was  —1.5  mm. 
This  value  was  used  for  calculating  the  axial  deposition  rate  ratio,  0,  for  different  experiments. 
These  ratios  were  then  regressed  against  the  process  variables.  The  resulting  equations  for 
different  radial  positions  are  summarized  below: 
at  r/R  =  0.0 

4>  =  4.61-1.58 

Sr., region  =  ^'^02  =  60.4%  =  56.0% 
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One  interesting  feature  to  note  is  the  value  to  the  intercept  at  different  positions.  For  r/R 
equal  to  0  and  0.5,  "<f>"  is  about  5.  However,  near  the  circumference  of  the  composite  (r/R  = 
1.0)  the  deposition  is  much  more  uniform  (Figure  5-7(c))  compared  to  other  positions.  This  can 
be  explained  by  the  cooling  effect  of  the  graphite  holder  on  the  edges  of  the  composites.  Hence, 
the  axial  temperature  gradient  near  the  circumference  of  the  composite  would  be  much  lower 
than  at  the  center  line  leading  to  more  uniform  deposition  near  the  circumference.  It  should  be 
noted  that  even  though  the  deposition  rate  varied  exponentially  with  distance,  the  density 
variation  within  the  composite  was  not  very  significant.  This  is  because  the  majority  of  the 
initial  porosity  was  within  the  tow  (and  therefore  eventually  the  majority  of  the  matrix)  and  not 
within  the  macropores.  Starr  [26]  showed  that  for  the  case  of  a  Nicalon  cloth  layup,  70%  of 
the  porosity  was  within  the  tow.  Hence,  the  uniformity  of  density  in  a  composite  is  primarily 
controlled  by  effective  infiltration  of  the  tow.  In  all  the  composite  samples  we  observed, 
appreciable  infiltration  of  the  tow  occurred  independent  of  its  position  within  the  composite. 
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3.5.2  Radial 


The  radial  variation  of  deposition  rate  was  estimated  at  three  axial  positions.  The  three 
positions  considered  were  near  the  hot  side,  the  cold  side,  and  at  a  distance  of  4  mm  ri’om  the 
cold  side.  These  positions  were  chosen  so  as  to  ascertain  the  trend  as  one  moves  from  the  cold 
side  to  the  hot  side. 

The  ratio  of  the  deposition  rate  at  the  center  of  the  composite  to  the  circumference  at  the 
same  distance  from  the  cold  side  was  determined  for  the  puipose  of  estimating  radial  variation. 
It  was  found  on  regression  that  this  deposition  rate  ratio,  4'r>  near  the  cold  side  and  at  a  distance 
of  4  mm  from  the  cold  side  were  unaffected  by  the  operating  conditions.  However,  the  ratio 
at  the  hot  side  was  affected  by  concentration  and  a  two  way  interaction  as  shown  in  Equation 
(12). 


<|),  =  1.86  ^  0.584  ^  0.363 

0  507  rI  =  61.8%  rI  =  52.2% 


(12) 


The  above  observation  can  be  explained  by  the  heat  flow  characteristics  in  the  system.  For  any 
given  axial  location,  the  circumference  of  the  composite  was  cooler  than  the  center  because  of 
the  cooling  effects  of  the  graphite  holder.  For  the  hot  surface  of  the  composite  this  temperature 
gradient  was  observable  through  a  sight  port  located  in  the  top  of  the  reactor.  From  Figure  1 
it  can  be  seen  that  near  the  cold  side,  the  preform  is  getting  cooled  significantly  at  the 
circumference  by  the  graphite  holder  and  the  bottom  is  cooled  by  the  graphite  punch.  This 
would  result  in  reduction  of  the  radial  temperature  gradient  when  moving  from  the  hot  side  to 
the  cold  side  of  the  composite.  This  in  turn  would  lead  to  more  uniform  deposition  rates  radially 
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near  the  cold  side.  The  radial  and  axial  effects  for  a  typical  sample  (PCVI-33)  are  depicted  in 
Figure  8.  The  contour  lines  shown  in  the  figure  were  obtained  from  a  polynomial  fit  of  the  axial 
and  radial  positions  to  the  coating  thickness  as  shown  in  Equation  (13). 

CoatingThicknessit)  =  3.00  +  0.2803z  -  0.6252  (r//?)*z  (13) 

Where  "t"  is  coating  thickness  in  urn,  and  "r/R"  and  "z"  are  as  previously  defined. 

3. 6  Deposition  Efficiency 

Deposition  efficiency  is  defined  as  the  ratio  of  the  amount  of  carbon  deposited  in  the 
preform  to  the  carbon  in  the  reagent.  It  is  a  measure  of  the  amount  of  carbon  successfully  used 
for  deposition.  In  the  present  work,  the  deposition  efficiency  varied  between  5*20%  depending 
on  the  operating  conditions.  This  is  much  higher  than  the  only  value  in  the  literature,  0.5-1.5%, 
reported  for  the  isothermal  chemical  vapor  infiltration  process  of  carbon  [28].  The  deposition 
efficiency  was  affected  only  by  the  temperature.  The  relationship  is  given  by  Equation  (14). 

Deposition  Efficiency  ~  14.2+4.76 
5  =  2.95  rI  =  74.5%  r]  =  72.6% 


3.7  Microstructure 

Composite  microstructures  were  characterized  using  scanning  electron  microscopy. 
Interesting  features  were  observed  near  the  hot  side  of  the  composites.  Some  of  the  typical 
microstructures  are  shown  in  Figures  9  and  10.  The  matrix  deposited  adjacent  to  the  fiber  had 
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a  different  appearance  from  the  remaining  matrix  as  shown  in  Figure  9.  On  closer  examination 
it  was  seen  that  the  deposit  adjacent  to  the  fibers  contained  plate-like  features,  small  pores 
(Figure  10),  or  columnar  features  (Figure  9(b)).  This  structure  existed  only  within  the  first  1-2 
nm  of  coating  and  there  was  a  sharp  interface  beyond  which  the  coating  was  rather  uniform  in 
appearance.  At  this  juncture  the  reason  for  the  drastic  change  in  the  microstructure  of  the 
deposits  is  not  known,  but  this  same  feature  has  also  been  observed  by  Kimura  et  al.  [14]  when 
using  the  isothermal  forced  flow  CVI  process.  One  can  speculate  that  there  might  have  been 
a  change  in  the  local  conditions  with  time.  However,  it  still  does  not  explain  the  sharp  interface 
which  was  seen  in  several  samples  and  only  near  the  hot  side  of  the  composites. 

3.8  Effect  of  Cloth  V/eave 

Since  eight  harness  satin  weave  is  often  used  for  the  fabrication  of  carbon-carbon  for 
structural  applications,  we  investigated  the  applicability  of  the  FCVI  process  to  preforms  made 
using  this  weave  [29].  All  the  infiltration  runs  described  previously  were  carried  out  with  plain 
weave  cloth  which  contained  12.5  by  12.5  yams  (tows)  per  square  inch.  The  eight  harness  satin 
weave  cloth  used  in  the  present  work  had  24  by  24  yams  (tows)  per  square  inch.  Hence,  only 
20-22  cloth  layers  were  required  to  obtain  a  preform  thickness  similar  to  that  of  40  layers  of 
plain  weave  cloth.  The  main  difference  between  these  two  weaves  is  the  size  of  the  pores.  In 
the  case  of  plain  weave  preforms,  the  pore  sizes  have  a  bimodal  distribution  with  smaller  pores 
found  within  the  tows  and  larger  pores  between  tows  and  layers  of  cloth.  In  the  case  of  eight 
harness  satin  weave,  because  of  the  high  number  of  tows  per  cloth  and  the  type  of  weave,  the 
pore  size  distribution  is  unimodal  with  a  broad  range  of  pore  sizes.  Consequently,  it  was 


21 


important  to  investigate  the  effect  of  the  pore  size  distribution  of  the  preform  on  the  infiltration. 
Table  6  summarizes  the  infiltration  conditions  for  the  eight  harness  satin  cloth  preforms  and 
Table  7  gives  the  results  for  the  infiltrated  composites. 

In  the  infiltration  runs  with  eight  harness  satin  weave  the  temperature  of  the  bottom  of 
the  preform  dropped  sharply  during  the  course  of  the  infiltration.  The  temperature  drop  was 
also  observed  in  the  case  of  plain  weave  preforms  but  the  magnitude  of  the  temperature  drop  was 
much  lower  (Figure  3).  The  larger  temperature  drop  for  the  satin  weave  could  be  attributed  to 
the  pore  size  in  the  preform.  It  was  speculated  that  because  of  smaller  pores,  as  compared  to 
plain  weave  preforms,  the  hot  side  got  rapidly  densified  resulting  in  reduction  of  the  radiative 
contribution  to  the  heating  of  the  bottom  of  the  preform.  Also,  the  thermal  conductivity  of  the 
composite,  which  depends  on  densification,  had  not  increased  sufficiently  to  counteract  the  above 
effect.  Consequently,  the  bottom  of  the  eight  harness  satin  preform  was  cooler  during  the  latter 
stages  of  the  infiltration  process.  The  bottom  of  the  satin  weave  preforms  could  not  be  heated 
to  higher  temperatures  because  of  equipment  limitations.  In  spite  of  this,  the  infiltration  times 
and  the  density  of  the  composites  obtained  using  eight  harness  satin  weave  preform  were 
comparable  to  those  of  plain  weave  preform.  For  example,  the  final  density  of  HS-5  was  1.67 
g/cm^  compared  to  1.66  g/cm^  obtained  with  plain  weave  at  similar  conditions  (PCVI-36)  and 
the  infiltration  time  was  ~7.5  h  for  both  runs.  Hence  it  can  be  seen  that  the  FCVI  process  is 
sufficiently  versatile  to  infiltrate  preforms  containing  cloth  of  different  weaves. 
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3.9  Kinetic  Analysis 

The  deposition  rate  data  obtained  by  measuring  coating  thicknesses  in  the  macrqpores  of 
the  plain  weave  samples  were  used  to  obtain  a  first  order  kinetic  rate  constant.  The  carbon 
deposition  process  is  typically  first  order  with  respect  to  the  concentration  of  the  hydrocarbon 

reagent  [30,31].  Hence,  the  following  equation  was  used  to  calculate  the  reaction  rate  constant, 
k. 

DepositionRate  (\imlh)  =  (15) 

Where:  k  =  reaction  rate  constant,  Mni/(h-atm) 

^propylene  =  Partial  pressure  of  propylene  =  yP 
y  =  Mole  fraction  of  reagent  in  feed 
P  =  Total  pressure  (atm) 

The  rate  constant  was  calculated  using  the  deposition  rate  data  from  the  cold  side  of  the 
composite,  where  the  values  of  the  temperature  and  concentration  were  known.  The  total 
pressure  for  the  calculation  near  the  cold  side  was  found  from  the  time  averaged  value  of  the 
inlet  pressure.  A  second  set  of  "k"  values  was  also  obtained  for  the  hot  side  of  the  composite 
using  the  average  outlet  concentration  for  each  run,  which  was  estimated  from  the  deposition 
efficiency.  The  average  outlet  concentration  was  obtained  from  the  following  equation: 

ycuz  =  (16) 
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Where:  =  Inlet  concentration 

X  =  Deposition  Efficiency 

The  natural  logarithm  of  the  "k"  values  were  plotted  against  the  reciprocal  absolute  temperature 
in  Figure  11.  The  data  points  were  linearly  regressed  to  obtain  the  following  equation. 

In  it  *  8.2-9375. 1/r  (17) 

The  activation  energy  calculated  from  Equation  17  was  found  to  be  -18.6  Kcal/mol.  This 
value  is  lower  than  the  35-60  Kcal/mol  reported  for  carbon  deposition  from  propylene  [28].  The 
activation  energy  for  a  typical  mass  transfer  controlled  regime  is  very  low,  i.e.,  -3-4  Kcal/mol 
[32].  Hence,  the  activation  energy  value  obtained  in  the  present  work  suggests  a  transition 
regime  where  kinetics  and  mass  transfer  are  of  similar  magnitude  and  thus  both  have  a  role  in 
controlling  the  densification  process.  The  same  conclusion  was  previously  reached  from 
regression  of  the  rate  of  weight  gain  with  the  independent  process  variables. 

4.  Conclusions 

The  following  conclusions  were  drawn  from  the  present  work  on  the  FCVI  processing 
of  carbon/carbon. 

(1)  All  three  variables  studied,  namely,  temperature  of  the  bottom  of  the  preform,  hydrocarbon 
concentration,  and  flow  rate,  affected  the  infiltration  time  and  rate  of  weight  gain. 

(2)  Minimum  infiltration  time,  2.75  h,  was  achieved  when  the  higher  process  set  points  were 
used  for  temperature,  concentration,  and  flow  rate.  For  applications  where  density  uniformity 
is  critical,  use  of  somewhat  lower  concentration  is  recommended  as  a  compromise. 
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(3)  The  final  bulk  density  of  the  composite  was  independent  of  the  processing  conditions.  This 
can  be  attributed  to  the  termination  of  the  experiments  at  a  specified  back  pressure.  Hence,  back 
pressure  can  be  used  to  control  the  infiltration  process. 

(4)  Spatial  density  variations  were  not  excessive.  The  bulk  density  of  the  slices  cut  from  a 
composite  sample  varied  only  by  ±  10%  of  the  average  bulk  density. 

(5)  The  average  deposition  rate  in  macropores  increased  exponentially  on  moving  from  the  cold 
side  to  the  hot  side  of  the  composite.  This  implies  that  the  reagent  depletion  did  not  completely 
counteract  the  influence  of  the  temperature  gradient  in  the  present  study.  Even  though  the 
deposition  rates  varied  by  as  much  as  a  factor  of  8,  density  variation  density  was  at  most  only 
±  0. 15  g/cm’.  This  is  due  to  the  fact  that  most  of  the  pore  volume  is  within  the  tow  rather  than 
in  macropores. 

(6)  The  FCVI  process  is  sufficiently  versatile  to  infiltrate  preforms  containing  cloths  of  different 
weaves. 

(7)  The  deposition  rate  data  were  amenable  to  an  Anhenius  plot  and  the  equation  In  k  =  8.2- 
9375. 1/T  fit  the  data  well  and  yielded  an  apparent  activation  energy  of  - 18.6  kcal/mol  which 
implies  that  kinetic  and  mass  transfer  affects  are  similar  in  magnitude. 
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Table  1 .  Independent  variables  and  range  studied 


Variable 

I.D. 

Variable 

Low 

Value 

Mid¬ 

point 

High 

Value 

Coded 

Variable 

T 

Preform  Bottom 
Temperature  (®C) 

850 

900 

950 

(T-900)^50 

C 

Concentration 

(%) 

25 

37.5 

50 

(C-37.5)-5-12.5 

Q 

Total  Flow  Rate 
(cm^/min) 

200 

300 

400 

(Q-300)-M00 

Table  2.  Operating  conditions  for  the  FCVI  processing  of  carbon/carbon 


Actual  Values 


Coded  Values 


Run  Experiment 
Number 


PCVI-33 
PCVI-24 
PCVI-32 
PCVI-37 
PCVI-28 
PCVI-27 
PCVI-25 
PCVI-36 
PCVI-22 
PCVI-31 
PC  VI-21 
PCVI-23 
PCVI-35 
PCVI-38 
PCVI-43 


(1) 

T 

C 

C 

TC 

Q 

TQ 

CQ 

TCQ 

TCQ 

Midpoint 

Midpoint 

Midpoint 

Midpoint 


c 

(%) 

Q 

(cmVmin) 

25 

200 

25 

200 

50 

200 

50 

200 

50 

200 

25 

400 

25 

400 

50 

400 

50 

400 

50 

400 

37.5 

300 

37.5 

300 

37.5 

300 

37.5 

300 

50 

300 

-1.0922 

0.8342 

-0.9581 

-1.2883 

0.7975 

-0.8526 

1.3081 

-1.3407 

0.4782 

0.3533 

-1.3368 

-1.9350 

-0.0642 

-0.4465 

0.8286 


Table  3.  Properties  of  the  infiltrated  composites 


Table  4.  Bulk  density  as  a  function  of  position  within  composite 


PCVI-43  \  -  i  1.66  1.604  1.668  1.612  1.69  1.68  1.652  1.668  1.514  1.49  1.621  1.485 


Table  5.  Regression  equations  relating  deposition  rate  (Y)  in  fim/h  to  the  distance  (Z)  in  mm 
from  the  cold  side  of  the  composite 


Radial 

Position 

Run 

Number 

Equation 

R2 

r/R  =  0.0 

PCVI-33 

Y  =  0.0814  Exp  (0.2803  Z) 

97.3 

PCVI-24 

Y  =  0.5499  Exp  (0.1159  Z) 

74.5 

PCVI-37 

Y  =  0.3831  Exp  (0.2697  Z) 

99.3 

PCVI-28 

Y  =  2.8732  Exp  (-0.1997  Z) 

75.3 

PCVI-27 

Y  =  0.1088  Exp  (0.2747  Z) 

99.8 

PCVI-25 

Y  =  0.8203  Exp  (0.1838  Z) 

87.6 

PCVI-36 

Y  =  0.4277  Exp  (0.2470  Z) 

96.6 

PCVI-22 

Y  =  1.5426  Exp  (0.1473  Z) 

91.1 

PC  VI-21 

Y  =  0.2637  Exp  (0.2475  Z) 

98.0 

PCVI-23 

Y  =  0.1894  Exp  (0.2422  Z) 

97.3 

PCVI-35 

Y  =  0.8130  Exp  (0.1360  Z) 

97.8 

PCVI-38 

Y  =  0.3846  Exp  (0.2192  Z) 

96.8 

r/R  =  0.5 

PCVI-33 

Y  =  0.0659  Exp  (0.2953  Z) 

97.7 

PCVI-24 

Y  =  0.4208  Exp  (0.2238  Z) 

94.1 

PCVl-37 

Y  =  0.2359  Exp  (0.2405  Z) 

57.1 

PCVI-28 

Y  =  1.9128  Exp  (-0.1388  Z) 

71.8 

PCVI-27 

Y  =  0.0953  Exp  (0.2999  Z) 

91.0 

PCVI-25 

Y  =  0.5307  Exp  (0.2553  Z) 

91.6 

PCVI-36 

Y  =  0.2969  Exp  (0.2482  Z) 

81.6 

PCVI-22 

Y  =  1.2963  Exp  (0.1770  Z) 

84.5 

PC  VI-21 

Y  =  0.1611  Exp  (0.3014  Z) 

96.5 

PCVI-23 

Y  =  0.1579  Exp  (0.2464  Z) 

99.4 

PCVI-35 

Y  =  0.7785  Exp  (0.1543  Z) 

95.2 

PCVI-38 

Y  =  0.5281  Exp  (0.2216  Z) 

98.8 

Table  5.  Regression  equations  relating  deposition  rate  (Y)  in  /xm/h  to  the  distance  (Z)  in  mm 
from  the  cold  side  of  the  composite  (continued) 


Radial 

Position 

Run 

Number 

Equation 

R2 

r/R  =  1.0 

PCVI-33 

Y  =  0.0875  Exp  (0.2114  Z) 

95.8 

PCVI-24 

Y  =  0.4978  Exp  (0.1130  Z) 

94.0 

PCVI-37 

Y  =  0.4958  Exp  (0.0833  Z) 

72.2 

PCVI-28 

Y  =  1.5693  Exp  (-0.3106  Z) 

77.2 

PCVI-27 

Y  =  0.1466  Exp  (0.1855  Z) 

98.0 

PCVI-25 

Y  =  1.0118  Exp  (0.1276  Z) 

91.4 

PCVI-36 

Y  =  0.4125  Exp  (0.1851  Z) 

95.0 

PCVI-22 

Data  scattered 

“ 

PCVI-22 

Y  =  0.2082  Exp  (0.1887  Z) 

98.6 

PCVI-23 

Y  =  0.1500  Exp  (0.1950  Z) 

94.5 

PCVI-35 

Y  =  0.7212  Exp  (0.0788  Z) 

75.4 

PCVI-38 

Y  =  0.5657  Exp  (0.1585  Z) 

95.7 

Table  6.  Operating  conditions  for  infiltration  of  eight  harness  satin  weave  preforms 


Run 

Number 

Temperature  of 
Preform  Bottom 

Concentration 

(%) 

Total  Flow  Rate 
(cmVmin) 

HS-1 

885 

50 

400 

HS-3 

885 

50 

400 

HS-5 

867 

50 

400 

Table  7.  Properties  of  the  infiltrated  eight  harness  satin  weave  composites 


Run 

Number 

Initial 

Porosity 

(v/o) 

Infiltration 

Time 

(h) 

Rate  of 
Weight 
Gain 
(g/h) 

Final 

Total 

Porosity 

(%) 

Open 

Porosity 

(%) 

Density 

(g/cm^) 

Depo¬ 

sition 

Efficiency 

(%) 

HS-1 

41.76 

2.6 

3.22 

13.81 

9.47 

1.562 

16.7 

HS-3 

46.34 

3.5 

2.76 

12.45 

7.32 

1.594 

14.3 

HS-5 

45.98 

7.5 

1.22 

8.39 

5.00 

1.670 

6.4 

PREFORM 

HOLDER 


Figure  1.  Schematic  of  the  FCVI  process. 


HOT  SIDE  I:  INSIDE 

MIDDLE  O:  OUTSIDE 


Figure  2.  Schematic  showing  the  location  of  density  samples. 
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Figure  4.  Bulk  density  as  a  function  of  radial  and  axial  position  within  the  composite  disk 
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Figure  5.  (b)  between  the  center  and  circumference  of  the  composite  disk. 
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Figure  6.  (c)  near  the  circumference  of  the  composite  disk. 
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igure  7,  (b)  between  the  center  and  circumference  of  the  composite  disk. 
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Figure  8. 


Coating  thickness  for  Sample  PCVI-33  as  a  function  of  radial  position  and  axial  distance. 
Contour  lines  were  obtained  by  regressing  the  data  (Eqn.  13). 


Figure  9. 


Micrographs  from  hot  side  of  composite  PCVI-36  showing  the  layered  structure. 


Figure  10. 


Micrograph  showing  porosity  in  the  layered  matrix  structure  near  the  fiber  (PCVI-24). 


Figure  1 1 .  Arrhenius  plot  for  deposition  of  carbon  in  the  preforms. 
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Abstract 

A  2^  factorial  statistically  designed  experiment  was  used  to  study  fabrication  of 
carbon/carbon  composites  using  the  forced  flow-thermal  gradient  chemical  vapor  infiltration 
process.  Propane,  diluted  with  hydrogen,  was  used  as  the  feed.  The  independent  variables  were 
the  temperature  of  the  bottom  of  the  preform  holder,  concentration  of  the  reagent,  and  total  flow 
rate.  The  response  variables  were  infiltration  time,  final  porosity,  rate  of  weight  gain,  and 
uniformity  of  infiltration.  It  was  found  that  the  infiltration  time  was  affected  only  by  the 
temperature  of  the  preform  and  the  concentration  of  the  reagent.  Infiltration  times  as  low  as  7 
h  were  achieved.  The  bulk  density  of  the  final  composite  was  found  to  be  independent  of  the 
operating  conditions,  provided  the  process  was  continued  until  a  fixed  pressure  drop  was 
achieved.  Density  variations  with  position  within  a  given  composite  were  no  more  than  +  0.08 
g/cm^  Deposition  efficiency  ranged  from  3  to  14%  and  increased  with  temperature  while 
decreasing  with  flow  rate.  The  values  of  the  coating  thickness  near  the  hot  and  cold  sides  of  the 
composite  were  used  to  calculate  the  rate  constant  for  pyrolysis  of  propane.  The  activation 
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energy  was  found  to  be  “’23.6  Kcal/inol  and  the  rate  constant  was  given  by  In  l£ii(cni/s)— 2.2- 
23610/RT. 

Keywords:  Carbon  Composites,  FCVI,  propane,  uniformity,  processing 

1.  INTRODUCTION 

Carbon/carbon  composites  are  unique  materials  in  that  they  combine  the  desirable 
properties  of  fiber  reinforced  composites,  such  as  high  specific  strength,  stiffness,  and 
toughness,  with  the  refractory  properties  of  carbon,  namely,  retention  of  strength  at  high 
temperatures  in  an  inert  atmosphere  and  resistance  to  creep  and  thermal  shock.  The  applications 
of  these  materials  include  rocket  nose  cones,  aircraft  disc  brakes,  heat  shields,  etc.  Processing, 
properties,  and  applications  of  carbon  composites  have  been  reviewed  extensively  in  journals  [1- 
3]  and  books  [4-7]. 

The  commercial  processing  methods  used  to  fabricate  carbon  composites  are  v«y  slow 
and  highly  inefficient.  These  limitations  add  considerably  to  the  cost  of  the  components  and 
limit  the  application  of  this  material.  Hence,  there  is  a  need  to  develop  a  process  to  rapidly  and 
economically  fabricate  carbon  composites.  We  have  shown  [8-10]  that  the  forced  flow-thermal 
gradient  chemical  vapor  infiltration  (FCVI)  process,  conceived  by  Lackey  and  Caputo  [11]  and 
further  developed  by  Caputo  et  al.  [12,13]  for  SiC/SiC,  can  be  used  to  fabricate  dense 
carbon/carbon  composites  using  propylene,  propane,  or  methane  as  the  reagent.  The  FCVI 
process  has  been  optimized  for  fabrication  of  carbon  composites  using  propylene  [10]. 
Processing  times  were  reduced  to  3  h.  The  present  work  was  undertaken  to  similarly  optimize 
the  FCVI  process  when  propane  was  used  as  the  reagoit.  To  this  end,  we  have  pursued  a 
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quantitative  understanding  of  the  influence  of  the  FCVI  process  variables,  i.e.,  temperature, 
propane  concentration,  and  total  flow  rate,  on  the  infiltration  process  and  the  properties  of  the 
infiltrated  composites.  This  was  accomplished  by  using  a  factorial  experiment. 

2.  EXPERIMENTAL  DETAILS 

The  details  of  the  equipment  and  experimental  procedure  have  been  explained  elsewhere 
[8,9].  Briefly,  the  preforms  consisted  of  40  layers  of  T-300  plain  weave  carbon  doth,  4.8  cm 
in  diameter,  oriented  at  0-30-60®.  These  layers  were  stacked  in  a  graphite  preform  holder.  A 
type  3  preform  holder,  described  in  the  prior  publication  [8],  which  extends  7.6  cm  above  the 
gas  injector  was  employed  for  carbon  infiltration  using  propane.  The  height  of  the  preform 
holder  affects  the  temperature  and  the  temperature  gradient  across  the  preform.  The  temperature 
difference  between  the  hot  and  the  cold  side  of  the  preform  for  the  type  3  holder  was  —  150®C. 

The  bottom  of  the  preform  was  cooled  by  the  water  cooled  gas  injector  and  the  top  of 
the  preform  was  heated  by  the  furnace,  resulting  in  the  establishment  of  the  temperature 
gradient.  The  pressure  gradient  forces  the  gas  through  the  preform.  The  feed  gas  typically 
consisted  of  propane  (99.5%  pure.  Instrument  Grade,  Matheson,  East  Rutherford,  NJ)  with 
hydrogen  as  a  dUuent.  As  the  infiltration  progressed,  reduction  in  porosity  caused  an  increase 
in  the  back  pressure.  The  runs  were  typically  terminated  once  the  back  pressure  reached  136 
kPa  (5  psig)  for  a  standardized  gas  flow  consisting  of  1(X)  cmVmin  of  propane  and  100  cmVmin 
of  hydrogen.  The  temperatures  of  the  preform  tq)  and  bottom  were  monitored  using  K-type 
thermocouples  during  the  infiltration.  The  infiltrated  composites  were  then  removed  intact  from 
the  holder  after  cooling  the  furnace. 
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The  apparent  volume  of  each  composite  was  determined  using  Archimedes’  principle  with 
methanol  (q  =0.79  g/cm^).  The  open  pore  volume  was  calculated  by  weighing  the  composite 
saturated  with  methanol.  These  two  values  were  added  to  obtain  the  bulk  volume.  As  a  check 
on  the  bulk  volume,  the  above  procedure  was  repeated  with  distilled  water.  Total  porosities 
were  calculated  assuming  a  deposit  density  of  1.9  g/cm’.  The  composites  were  also  cut  into 
slices  10  mm  long,  4  mm  wide,  and  2  mm  deep  to  determine  the  uniformity  of  the  infiltration. 
The  details  of  the  location  of  the  slices  are  given  elsewhere  [10].  The  density  of  each  slice  was 
calculated  from  its  weight  and  volume.  The  volume  was  calculated  from  the  dimensions  of  the 
slice. 

An  entire  cross-section  of  each  composite  disk  was  mounted  in  epoxy  and  polished.  The 
polished  sections  were  observed  via  scanning  electron  microscopy  in  order  to  measure  coating 
thickness  as  a  function  of  axial  and  radial  position. 

2.1  Experimental  Design  and  Data  Analysis 

The  factorial  experimental  design  has  been  explained  previously  [10].  To  summarize, 
a  2^  factorial  experiment  with  two  center  points  was  chosen  to  study  the  FCVI  process.  The 
indej)endent  variables  studied  included  the  temperature  of  the  bottom  of  the  preform,  the  propane 
concentration,  and  the  total  flow  rate.  Table  1  gives  the  high,  low,  and  mid  values  for  each  of 
the  independent  variables.  These  values  were  chosen  based  on  a  previous  feasibility  study  with 
propane  [9].  Table  2  lists  the  processing  conditions  for  each  run.  The  temperature  of  the 
bottom  of  the  preform  varied  by  10-15*C  during  the  course  of  the  infiltration.  Hence,  a  time 
averaged  temperature  (Table  2)  was  employed  for  the  data  analysis.  In  this  study  the  pressure 
above  the  preform  was  kept  constant  at  1  atm  and  the  initial  porosity  of  the  preform  was  ~  50% . 
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The  re^nse  variables  for  the  infiltration  process  were  chosen  based  on  the  process  and 
product  requirements.  These  included  infiltration  time,  final  porosity,  rate  of  weight  gain, 
uniformity  of  densification,  and  deposition  efficiency.  The  uniformity  of  densification  was 
ascertained  from  the  density  of  slices  cut  from  a  composite  sample.  Ideally,  one  would  like  to 
reduce  the  infiltration  time  and  final  porosity.  At  the  same  time,  the  infiltrated  composite  should 
be  uniformly  dense,  indq)ehdent  of  the  position  within  the  composite. 

The  effects  of  the  operating  variables  on  the  response  variables  were  analyzed  using  a 
linear  regression  model.  The  model  was  chosen  based  on  accepted  statistical  criteria,  i.e.,  Rp^, 
Cp,  and  DFFITS.  The  details  of  the  application  of  these  parameters  to  similar  experimental 
data  have  been  explained  elsewhere  [10].  Despite  the  use  of  these  criteria,  the  final  choice  of 
the  model  was  based  on  the  physical  laws  of  the  process.  In  a  few  instances,  models  which 
better  represented  the  physical  phenomena  of  the  process  were  chosen  even  though  the  statistical 
criteria  might  have  pointed  to  other  models. 

3.  RESULTS  AND  DISCUSSION 

Table  3  lists  the  infiltration  time,  rate  of  weight  gain,  porosity,  density,  and  deposition 
efficiency  for  the  11  FCVI  runs  conducted  with  propane  as  the  reagent.  The  following  sections 
explain  in  detail  the  relationships  found  between  the  response  variables  and  the  independent 
variables.  The  regressions  were  performed  against  the  coded  variables  (Table  2)  to  help 
ascertain  the  relative  effect  that  changing  the  independent  variables  had  on  the  response. 

All  the  infiltration  experiments  resulted  in  dense  carbon  composites,  except  the 
experiment  "TC"  (PA-9).  The  designation  "TC"  indicates  that  for  this  experiment  the 
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temperature  and  concentration  were  at  their  high  levels.  In  this  experiment  the  back  pressure 
increased  from  1  to  4  psig  within  5  minutes  after  2  h  of  infiltration.  The  rapid  increase  in  back 
pressure  was  due  to  preferential  densification  of  the  cold  side  of  the  composite.  This  was 
probably  caused  by  a  long  residence  time  due  to  the  low  flow  rate,  thereby,  preventing  gas  flow 
to  the  other  parts  of  the  preform.  This  resulted  in  a  very  non-uniform  composite  for  which  the 
top  ~25  cloth  layers  were  not  appreciably  densified  and  came  off  freely.  This  experiment  was 
repeated  two  more  times  with  the  same  result.  Inclusion  of  the  results  from  this  experiment  in 
the  regression  analysis  would  bias  the  model  because  of  its  extreme  behavior.  Consequently, 
it  was  decided  to  carry  out  the  statistical  analysis  without  the  experiment  "TC". 

3.1  Infiltration  Time 

The  infiltration  time  is  defined  as  the  time  taken  for  the  back  pressure  to  reach  5  psig  for 
a  feed  of  100  cm^/min  of  propane  and  100  cm^/min  of  hydrogen.  The  infiltration  time  was 
shortest,  —  7  h,  when  all  the  independent  variables  were  at  their  high  value.  The  longest 
infiltration  time,  34  h,  was  obtained  for  experiments  "(1)"  and  "Q".  The  infiltration  time  was 
regressed  against  the  independent  variables  and  their  interactions.  The  best  regression  relating 
the  infiltration  time  to  the  operating  variables  is  given  below: 

Infiltration  Time  -  17.6-6.487^-6.88  ^eod  (1) 

3-98.  *1.82.6% 

The  above  regression  showed  good  fit  to  the  experimental  data.  However,  the  variances  were 
not  the  same  at  different  levels  of  a  given  independent  variable.  This  could  be  due  to  either  the 
limited  number  of  experimental  data  points  or  the  presence  of  some  quadratic  effects  in  the 
response.  Quadratic  effects  cannot  be  estimated  with  the  present  experimental  design.  But  any 
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quadratic  effect  was  not  expected  to  be  very  high  because  the  temperature  and  the  concentration 
terms  explained  ~86%  of  the  variation  of  the  infiltration  time. 

The  infiltration  time  was  affected  only  by  the  temperature  and  the  concentration  of  the 
feed;  the  magnitudes  of  the  effects  were  very  similar.  Increases  in  concentration  or  temperature 
typically  reduced  the  infiltration  time.  The  total  flow  rate  did  not  seem  to  affect  the  time  of 
infiltration.  The  infiltration  times  for  propane  were  about  twice  as  long  as  those  observed  for 
propylene  [10].  For  example,  experiment  "T"  took  about  11  h  with  propylene  as  compared  to 
19  h  with  propane  and  TCQ  required  7  h  for  propane  versus  3  h  for  propylene. 

3.2  Rate  of  Weight  Gain 

The  rate  of  weight  gain  was  computed  by  dividing  the  total  weight  gain  by  the  infiltration 
time.  This  parameter  can  be  thought  of  as  a  mass  deposition  rate  for  CVI  experiments.  The 
result  of  the  regression  is  given  in  Equation  2. 

Rate  of  Weight  Gam  =  0.881  +0.374  r^+0.361  C^+0.205  T^*C^  ^2) 

The  rate  of  weight  gain  was  affected  by  temperature,  concentration,  and  the  quadratic  interaction 
between  temperature  and  concentration.  The  quadratic  interaction  accounts  for  the  larger  effect 
that  changing  the  concentration  had  on  the  rate  of  weight  gain  for  the  high  temperature 
experiments  as  compared  to  the  low  temperature  experiments.  Once  again,  the  total  flow  rate 
did  not  affect  the  rate  of  weight  gain.  The  fact  that  flow  rate  did  not  affect  the  infiltration  rate 
suggests  that  mass  transfer  had  a  negligible  effect  on  the  infiltration  process.  The  average  rate 
of  weight  gain  was  ~0.95  g/h  for  propane  compared  with  ~  1.5  g/h  for  propylene  [10].  The 
lower  rates  of  weight  gain  for  the  propane  experiments  were  caused  by:  (1)  slower  carbon 
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deposition  because  of  the  absence  of  double  bonds,  and  (2)  the  hot  side  temperature  with  the 
type  3  preform  holder  (propane)  was  only  —  1100®C  compared  with  —  1300®C  using  the  type 
2  preform  holder  (propylene),  i.e.,  the  average  preform  temperature  was  lower  for  propane 

infiltration. 

3.3  Porosity  and  Density 

Total  and  open  porosity  values  were  in  the  range  7-1 1  %  and  3. 5-6.5  % ,  respectively.  As 
stated  previously,  the  total  final  porosity  was  determined  based  on  an  assumed  matrix  density 
of  1.9  g/cm^  The  average  bulk  density  was  ~  1.66  g/cm’  (excluding  PA-9).  The  minimum  and 
maximum  values  were  1.71  and  1.61  g/cm\  The  bulk  density  values  were  analyzed  against  the 
independent  variables  and  it  was  found  that  the  bulk  density  was  not  affected  by  the  operating 
conditions.  This  was  a  result  of  terminating  the  infiltration  runs  when  the  back  pressure  reached 
a  set  value.  This,  as  was  previously  observed  for  propylene,  shows  that  the  measurement  of 
back  pressure  is  a  reliable  indicator  of  the  end  of  the  infiltration  process,  provided  the  cold  side 
does  not  get  infiltrated  prematurely. 

3.4  Density  Gradient 

The  bulk  densities  of  slices  obtained  from  different  parts  of  each  composite  were 
determined  to  evaluate  the  spatial  uniformity  of  densification  (Table  4).  The  variation  of  density 
with  position  is  shown  by  the  box-and-whisker  plot  (Figure  1).  This  figure  shows  that  there  is 
little  difference  between  the  density  of  slices  from  different  parts  of  the  composites.  The  density 
of  slices  from  the  hot  side  was  — 1.63  g/cm’  compared  with  — 1.68  g/cm*  for  slices  from  the 
middle  of  the  composite.  The  lower  density  of  the  slices  from  the  hot  side  of  the  composite  was 
due  to  uneven  distribution  of  macropores  in  the  preform.  It  was  observed,  via  scanning  electron 
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microscopy,  that  there  were  initially  more  pores  in  the  hot  side  of  the  composite,  apparently  as 
a  result  of  nonuniform  pressure  during  preform  compaction.  This  led  to  lower  hot  side  density. 
The  cold  side  of  the  composite  typically  had  a  density  of  — 1.55  g/cm®,  slightly  lower  than  that 
of  the  hot  side  or  middle  of  the  composite.  To  further  analyze  density  variation  within  a  given 
sample,  the  density  range  was  computed  for  each  sample.  The  minimum  and  maximum  values 
were  0.12  (PA- 10)  and  0.23  (PA-7)  g/cm^  and  the  average  was  ~0.16  g/cm’.  The  variation  in 
density  was  slightly  lower  with  propane  as  compared  with  propylene.  The  reduced  density 
variation  was  the  result  of  the  lower  temperature  difference  between  the  hot  and  cold  sides  of 
the  preform  caused  by  use  of  the  longer  type  3  preform  holder.  Whereas,  in  the  case  of  the  type 
2  preform  holder  used  in  the  propylene  experiments,  there  was  a  slight  tendency  for  the  hot  side 
to  density  more  rapidly  and  block  gas  flow  pathways.  This  resulted  in  a  more  porous  structure 
near  the  cold  side  of  the  composite.  However,  the  use  of  the  type  2  preform  holder  reduced  the 
processing  time  because  of  the  higher  average  preform  temperature  versus  that  of  the  type  3 
holder.  Hence,  there  appears  to  be  a  trade  off  between  the  q)eed  of  infiltration  and  the 
uniformity  of  the  densification. 

3,5  Deposition  Rate 

The  coating  thicknesses  in  macropores  (found  between  cloth  layers  and  tows  within  a 
cloth  layer)  were  measured  using  a  scanning  electron  microscope.  These  values  were  divided 
by  the  infiltration  time  to  obtain  the  average  deposition  rate.  The  thickness  measurements  were 
made  as  a  function  of  distance  from  the  cold  side  at  three  radial  positions  for  a  given  composite 
sample.  The  deposition  rates  so  obtained  for  different  composites  are  plotted  in  Figures  2-4. 
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^  1.  *1.  «r/p"  where  "r"  is  the  distance  from  the  center 

The  radial  position  was  denoted  by  the  variable  r/R  ,  where  r  is  me  a 

of  the  composite,  and  "R"  is  the  radius  of  the  composite. 

The  deposition  rale  data  did  not  show  any  consistent  trend,  in  contrast  to  the  propylene 

snrdy.  For  propylene  the  deporidon  rate  increased  ea,»nentially  with  inoeasing  distance  from 
U,e  cold  side.  Hie  difference  in  behavior  between  these  two  systems  can  be  attributed  to  the 
different  temperature  gradienU  t«oss  the  preforms.  In  the  case  of  propylene,  the  temperature 
difference  between  the  hot  and  the  cold  side  was  -350"C.  using  the  type  2  preform  holder,  as 
compared  with  -  150”C  for  propane,  using  the  type  3  preform  holder.  This  appears  responsible 
for  the  dominant  effect  of  temperature  over  other  variables  in  the  propylene  study.  It  was 
observed  that  the  averege  deposition  rates  with  propane  were  much  lower  than  with  propylene. 
This  can  be  attributed  to  the  combination  of  slower  carbon  deposition  and  lower  bot  dde 
tempereture  for  the  propane  infiltrations.  Also,  it  was  seen  that  the  deposition  rate  curves  were 
much  flatrer  for  propane  infildation,  i.e.,  the  ratio  of  the  highest  deposition  rate  to  the  lowest 
deposition  rate  for  a  given  sample  was  much  lower.  For  example,  the  value  of  the  ratio  for 
experiment  ’TCQ"  was  - 1.5  with  propane  versus  -9  for  propylene.  This  can  be  attributed 
,0  the  lower  temperature  gradient,  in  the  case  of  the  propane  runs,  resulting  in  more  uniform 
densification.  In  conclusion,  it  can  be  seen  that  there  is  less  spatial  variation  in  deposWon  rales 


for  propane. 

3.6  Deposition  Efficiency 

DeposiUon  efficiency  describes  the  amount  of  carbon  in  the  reagent  that  is  used  for 
deposWon  within  the  preform.  Hie  deposition  efficiency  with  propane  varied  between  3-14%. 
The  deposition  efficiency  for  PA-9  was  high  because  the  infiltration  run  was  terminated  before 
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the  full  densification  of  the  composite.  It  has  been  shown  by  Vaidyaraman  for  carbon  [14]  and 
Roman  et  al.  [15]  for  SiC,  that  the  dqwsition  efficiency  decreases  during  the  course  of 
infiltration  of  cloth  preforms.  The  deposition  efficiency  with  propane  was  sUghtly  lower  than 
with  propylene.  It  was  found  that  the  deposition  efficiency  when  using  propane  was  positively 
affected  by  temperature  and  negatively  by  total  flow  rate.  The  resulting  relationship  is  given 
by  Equation  (3). 

Deposition  Efficiency  »  8.1  ♦2.91  T^~l.95 

Ji.^89.3% 

3. 7  Kinetic  Analysis 

The  deposition  rate  data  near  the  hot  and  the  cold  sides  of  each  composite,  obtained  by 
measuring  the  coating  thicknesses  in  the  macropores,  were  used  to  obtain  a  first  order  kinetic 
rate  constant.  The  carbon  deposition  process  is  typically  first  order  with  respect  to  the 
concentration  of  the  hydrocarbon  reagent  [16].  The  various  steps  involved  in  determining  the 
rate  constant  were  previously  explained  [10].  The  natural  logarithm  of  k,  values,  obtained 
from  different  deposition  rate  data,  were  plotted  against  reciprocal  absolute  temperature  (Figure 
5).  The  data  points  were  linearly  regressed  to  obtain  the  following  equation. 

to  t  .  22-^  W) 

'  RT 

Where, 

k,  =  rale  constant  based  on  unit  surface,  cm/s 
R  =  ideal  gas  law  constant,  cal/mol  K 
T  =  temperature,  K 
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The  regression  fit  was  satisfactory  and  the  activation  energy  calculated  from  Equation  (4)  was 
23.6  ±  5.6  Kcal/mol,  where  the  uncertainty  represents  the  95%  confidence  interval.  This 
activation  energy  is  much  lower  than  the  48-60  Kcal/mol  [16,17]  reported  in  the  literature.  The 
discrepancy  can  be  attributed  to  one  or  all  of  the  following:  (1)  use  of  average  dqiosition  rate 
to  calculate  k,,  (2)  the  use  of  deposition  efficiency  to  estimate  concentration  of  the  reagent  near 
the  hot  side,  and  (3)  a  temperature  range  in  the  present  study  of  only  ~250°C. 

4.  CONCLUSIONS 

The  following  conclusions  were  drawn  from  the  present  work  on  FCVI  processing  of 
carbon/carbon  using  propane  as  the  reagent. 

(1)  The  infiltration  time  was  affected  only  by  the  temperature  of  the  bottom  of  the  preform 
and  the  concentration  of  the  reagent.  The  flow  rate  did  not  affect  infiltration  time.  The 
rate  of  weight  gain  was  affected  by  the  temperature  of  the  bottom  of  the  preform, 
concentration,  and  interaction  between  these  two  variables. 

(2)  Minimum  infiltration  time,  7  h,  was  achieved  when  the  higher  process  set  points  were 
used  for  temperature,  concentration,  and  flow  rate.  The  infiltration  time  was  longer 
when  using  propane,  instead  of  propylene,  as  the  reagent.  This  was  the  result  of 
inherently  slower  carbon  deposition  from  propane  and  a  lower  temperature  gradient  in 
the  preform  used  for  the  propane  infiltrations,  i.e.,  lower  average  temperatures. 

(3)  The  final  bulk  density  of  the  composite  was  independent  of  the  processing  conditions 
reflecting  that  back  pressure  is  a  reliable  indicator  of  the  extent  of  infiltration. 
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(4)  The  experiment  "TC"  resulted  in  preferential  infiltration  of  the  cold  side  of  the  preform 
due  to  the  high  residence  time  of  the  reagent. 

(5)  Density  variations  within  a  composite  averaged  ±  0.08  g/cm’. 

(6)  There  was  less  axial  variation  in  density  for  propane-derived  material  than  observed  in 
an  earlier  propylene  study.  Accordingly,  dq>osition  rates  within  macropores  did  not 
correlate  in  a  consistent  manner  with  position  within  a  given  composite.  The  enhanced 
uniformity  and  lower  spatial  correlation  were  caused  by  the  smaller  axial  temperature 
gradient  across  the  propane-derived  composites. 

(7)  The  deposition  rate  data  were  adequately  described  by  an  Arrhenius  equation,  In  k,  = 
2.2-23610/RT,  yielding  an  apparent  activation  energy  of  23.6  kcal/mol. 
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Table  1.  List  of  independent  variables  for  infiltration  with  propane 


. -  . . 

Variable 

Name 

Low 

Value 

Mid 

Value 

High 

Value 

Coded 

Variables 

T 

Preform  Bottom 
Temp  CO 

900 

950 

1000 

(r-950)-5-50 

C 

Concentration 

(%) 

25 

37.5 

50 

(C-37.5)^12.5 

Q 

Total  Flow  Rate 
(cmVmin) 

200 

300 

400 

(Q-300)-M00 
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Table  2.  Operating  conditions  of  the  FCVI  runs  with  propane 


Run 

Number 

Experiment 

Actual  Values 

Coded  Values 

c 

(%) 

Q 

(cmVmin) 

C#od 

PA-2 

(1) 

903 

25 

200 

-0.940 

-1 

-1 

PA-12 

(1) 

903 

25 

200 

-0.940 

-1 

-1 

PA-4 

T 

1008 

25 

200 

1.153 

-1 

-1 

PA-14 

C 

901 

50 

200 

-0.984 

1 

-1 

PA-9 

TC 

1001 

50 

200 

1.011 

1 

-1 

PA-10 

Q 

905 

25 

400 

-0.892 

-1 

1 

PA-13 

TQ 

1001 

25 

400 

1.011 

-1 

1 

PA-7 

CQ 

895 

50 

400 

-1.107 

1 

1 

PA-5 

TCQ 

992 

50 

400 

0.839 

1 

1 

PA-6 

TCQ 

992 

50 

400 

0.846 

1 

1 

PA-3 

Mid 

952 

37.5 

300 

0.032 

i 

0 

0 

PA-11 

Mid 

931 

37.5 

300 

-0.376 

0 

19 


Table  3.  Properties  of  the  in^trated  composites 


Run 

Number 

Initial 

Porosity 

(v/0) 

InfUtratioD 

Time 

(h) 

Rate  of 
Weight 
Gain  (g/b) 

Total 

Porosity 

(%) 

Open 

Porosity 

(%) 

Density 

(g/cm*) 

Deposition 

Efficiency 

(%) 

PA-2 

47.2 

28.3 

0.3548 

11.7 

— 

1.609 

7.36 

PA-12 

48.9 

34.0 

0.3340 

10.6 

6.1 

1.632 

6.93 

PA-4 

49.7 

19.0 

0.6779 

6.8 

3.4 

1.705 

14.06 

PA-14 

47.9 

19.0 

0.5817 

9.9 

5.7 

1.645 

6.03 

PA-9 

49.8 

2.9 

2.5869 

— 

— 

— 

26.08 

1 

PA-10 

49.1 

34.0 

0.3380 

10.0 

3.5 

1.643 

3.50 

PA-13 

48.1 

17.0 

0.7073 

6.8 

6.0 

1.704 

7.33 

PA-7 

48.6 

18.5 

0.6341 

8.7 

5.2 

1.668 

3.29 

PA-5 

49.5 

7.0 

1.7017 

9.2 

- 

1.659 

8.82 

PA-6 

49.4 

7.0 

1.7323 

8.3 

4.6 

1.676 

8.98 

PA-3 

48.8 

12.5 

0.9086 

10.0 

6.4 

1.644 

8.26 

PA-11 

48.9 

12.5 

0.8961 

10.7 

5.6 

1.631 

8.38 

— 
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Table  4.  Bulk  density  (g/cm*)  of  slices  from  composites  fabricated  using  propane 


Density  (g/cm  ) 


Fi^e  1: 


Bulk  density  as  a  function  of  axial  and  radial  poshion  within  Hit  composite  disk. 


-  PA-13  TQ 


( ii/un1 )  uopisodaQ 


Figure  2:  Dqjosition  rates 


(  ^  uopisodaa 


Figure  2:  (b)  between 


-  PA-7  CQ 
PA-10  Q 

-  PA-12  (1) 


(  n/urrl )  aiP)i  uopisodaa 


-  PA-7  CQ 


1.25 


(  n/urri  )  uopisodaQ 


Figure  4:  Dqrasition  rates  for  midpoint  experiments  (a)  near  the  center  of  the  composite  disk. 


1.25 


Figure  4:  (b)  between  the  center  and  circumference  of  the  composite  disk. 


(  n/urrl )  uopisod^Q 


Figure  4:  (c)  near  the 


Figure  5:  Arrhenius  plot  for  deposition  of  carbon  in  the  preforms. 


f  K  ^  Studying  the  progression  of  denslfica- 
.•  ®  fabrication  of  composites  by  chemical  vapor 

infiltration  is  presented.  The  preparation  of  a  carbon- 
matrix  composite  was  investigated  by  momentarily  inter¬ 
rupting,  at  various  times,  the  carbon  infiltration  process  to 
permit  deposition  of  very  thin  layers  of  SiC.  Microscopic 
CTamination  of  th^  layers  on  a  polished  cross  section  per¬ 
mitted  determination  of  the  extent  of  infiltration  at  various 
preform  as  a  function  of  infiltration 
time.  The  technique  also  distinguishes  open  from  closed 
pores  and  provides  information  on  the  existence  of  tempera¬ 
ture  gradients  within  the  preform.  ^ 

I.  Introduction 

pHEMiCAL  INITLTRATION  (CVI)  is  increasingly  being 

V^used  to  fabncate  fiber-reinforced  ceramic-  and  carbon- 
matnx  composites.  In  this  process,  a  solid  is  chemically  vapor 
deposited  onto  a  fibrous  preform  to  form  the  matrix  of  Ae 
composite.  Advantages  of  this  process  include  the  use  of  low 
pressures  and  temperatures,  avoiding  damage  to  the  fibers. 
Also,  this  process  can  be  used  to  deposit  a  variety  of  matrix 
m^nals  like  carbides,  nitrides,  borides,  silicides,  etc 
™ere  are  six  different  types  of  CVI  processes  based  on 
a  classification  system  that  considers  whether  the  reagent  is 
transported  through  the  preform  by  sustained  forced  flow  pres¬ 
sure  pulsing,  or  diffusion  and  whether  a  temperature  gradient 
exists  within  the  preform.'  In  each  of  these  processes  it  is 
generally  of  interest  to  achieve  high  density  uniformly  through¬ 
out  the  preform  with  minimum  processing  time.  As  the  infiltra- 
tmn  process  proceeds,  some  regions  of  the  preform  eventually 
Income  isolated  from  the  gaseous  reagent  since  deposition  of 
the  matnx  closes  gas  flow  or  diffusion  paths. 

For  research  aimed  at  achieving  high  density,  uniformity 

of  interest  to  determine 
rate  of  densification  and  the  changes  that  occur  in  gas 
_^spon  patterns  within  the  preform  as  a  result  of  pore  closure 
Ihe  influence  of  process  variables  such  as  preform  architecture' 
temperature,  temperature  gradient,  pressure,  and  gas  flow  rate 
Md  concentration  on  the  mfiltraiion  process  are  also  of  interest 
ample  charactenzation  may  involve  density  and  porosity  mea- 
urements.  microscopic  examination  of  polished  cross  sections, 
thp  computed  tomography.  At  present, 

are  tn  ^  methods  for  studying  the  infiltration  process 

"e  to  carry'  the  process  to  completion  for  various  processing 
con  mons  and  to  infer,  based  on  characterization  reSs ,  how 

Hence^  U  u  methods  of  study  are  laborious. 

.  IS  of  interest  to  develop  a  more  efficient  methodology. 
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A  new  technique  for  studying  CVI  processing  that  utilizes 
markers  is  presented  in  this  paper.  It  yields  more  detailed  infor¬ 
mation  wi^  less  effort.  In  addition,  as  described  later  the 
new  techmque  also  provides  information  about  temperature 
gradients  within  the  preform  and  can  identify  which  pores  were 
open  and  which  were  closed  off  from  the  reagent  supply  at 
various  times  during  the  infiltration  process. 

n.  Experimental  Procedure 

The  forced  flow-thermal  gradient  CVI  process  was  used  to 
fabncate  a  carbon  fiber-carbon  matrix  composite  in  the  shape 
of  a  nght  cu-cular  disk.'-^  In  this  process  a  pressure  gradient 
orces  the  reagent  stream  to  flow  through  a  preform  subjected  to 
a  temperature  gradient.  A  carbon  matrix  was  deposited  within  a 

preform  using  a  flowing  mixture 
of  50%  prop:^ne-50%  hydrogen  in  a  resistively  heated,  hot 
wall  furnace.  The  total  flow  rate  was  200  cm’/min.  The  temper- 

swr  °A  *1’^  preform  were  1220°  md 

870  C.  A  total  mfiltration  time  of  9.5  h  was  used.  Additional 
details  of  the  process  and  equipment  are  described  elsewhere  " 
Uunng  the  carbon  infiltration  process,  the  flow  of  propylene 
was  interrupted  after  2, 4, 6,  and  8  h  to  permit  the  deposition  of 

obtained  by  flowing  a 
9%  methyltnchlorosiIane-91%  H,  mixture  for  4  min.  The  total 
flow  rare  was  550  cm  /min.  Microscopic  examination  of  a  sin¬ 
gle  polished  cross  section  of  the  composite  revealed  the  loca- 

of  thfexar^  f Jf y®”"  permitted  determination 

of  the  exact  location  of  the  carbon  deposition  “front”  after  2. 4 

,  and  8  h.  For  a  second  sample  the  carbon  matrix  was  deposited 

propylene  and  the  processing  condi¬ 
tions  were  such  that  the  densification  proceeded  more  slowly 
P''°Py^^”^  ren.  The  total  run  time  was  14  h  Layers 
®  methyltrichlorosi- 
SL  f  ®  similarly  used  to  permit  monitoring 

A  of  the  carbon-matrix  deposition  after  2.5, 5,  7.5 

STiu  10  h.  »  »  •  , 

III,  Results  and  Discussion 

electron  micrographs  representative  of  several 

S  nmnvT  composite  disk  infiltrated 

using  propylene  are  shown  in  Fig.  1.  Two  ty-pes  of  pores,  i.e 

micro-  and  macropores,  are  observed  in  the  micrographs.  In  a 
Cloth  preform,  micropores  are  typically  located  within  the  fiber 

between  tows  and  between  lay- 
mfrm  ^iC  markers  are  clearly  visible  in  all  of  the 

micrographs.  It  can  also  be  seen  that  the  thickness  of  the  SiC 
layers  mcreases  as  the  distance  from  the  cold  side  of  the  com- 
posite  increases. 

In  all  of  the  micrographs  for  the  propylene  sample,  no  SiC 
layer  is  seen  inside  the  fiber  tow.  This  implies  that  infiltration  of 
the  tows  was  completed  within  the  first  2  h  of  the  process  as 
was  certainly  the  case  when  four  layers  of  SiC  were  seen 
surrounding  the  tow  as  shown  in  Fig.  1(c).  In  other  words,  the 
gas  passages  within  the  tows  were  apparently  blocked  early  and 
re^spon  of  the  reagent  stream  was  restricted  to  macropores 
When  propane  was  used  as  the  reagent,  SiC  layers  were 
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(C) 


(d) 


observed  inside  the  tow  as  shown  in  Fig.  2.  TTius,  the  infiltratior 
proceeded  more  slowjy  for  the  propane  run.  This  can  be  attrib 
lower  reactivity  of  propane  compared  to  propylene. 
The  location  of  the  SiC  layers  in  the  micrographs  allows  one 
to  measure  the  thickness  of  carbon  deposited  during  differeni 


h  .  *^’3'  infiltration  continued 

about  5  h  for  the  sample  infiltrated  with  propane. 


time  intervals.  For  example,  the  location  of  SiC  layers  i 
1(c)  shows  that  the  thickness  of  the  carbon  deposited  o 
the  surface  of  this  macropore  was  5,  9.8,  14.5.  20.  and  25  pr 
after  2.  4,  6,  8.  and  9.5  h.  respectively.  The  marker  also  help 
one  in  knowing  when  a  pore  was  blocked  and  became  inaccess, 
ble  to  the  reagent  flow’.  For  example,  consider  Figs.  1(a)  an 
(b);  in  both  cases  the  pores  got  closed  after  4  h  of  infiltration  ? 
there  are  only  two  SiC  layers.  In  the  case  of  Figs.  1  (c)  and  (d 
four  SiC  layers  are  observed,  which  implies  that  both  of  thes 
pores  were  open  and  accessible  to  the  flowing  reageni  eve 
after  8  h  of  infiltration. 

From  the  micrographs  just  presented,  and  similar  ones,  it  wa 
possible  to  measure  coating  thickness  as  a  function  of  ih 
distance  from  the  cold  side  of  the  preform.  Graphical  represen 
taiion  of  these  results  (Fig.  3)  reveals  several  features  about  th 
FCVI  infiltration  process.  First,  the  lines  have  a  positive  slopK 
That  is,  the  rate  of  deposition  increased  w’ith  increasing  distanc 
from  the  cold  side  of  the  preform.  Also,  the  rate  of  matri 
deposition,  for  a  given  location,  did  not  vary  appreciably  wit 
time  as  shown  by  the  essentially  equal  spacing  between  th 
lines  in  Fig.  3.  The  two  points  in  this  figure  labeled  A  and  ) 
depan  from  this  general  trend  because  the  deposition  cease 
because  of  pore  blockage. 

Near  the  center  line  of  the  disk  the  average  deposition  rat 
was  4—6  pim/h  in  the  hot  region  (Figs.  1(a)  and  (b))  and  reduce 
to  2-3  p.nx/h  (Figs.  Uc)  and  (d))  for  the  cold  region.  In  a  give 
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Fig.  3.  Carbon  coating  thickness  in  macropores  for  five  different 
infiltration  times  as  a  function  of  distance  from  the  cooler  side  of 
the  preform. 


cloth  layer,  the  deposition  rate  was  highest  at  the  center  and 
lowest  near  the  circumference  of  the  disk.  The  deposition  rate 
w'as  2-3  ^m/h  at  the  circumference  in  the  hot  region  (Fig.  4(a)) 
compared  to  4  |xm^  in  the  center  of  the  hot  region.  These 
differences  in  deposition  rates  are  attributed  to  axial  and  radial 
temperature  variations  in  the  preform.  At  an  intermediate  posi¬ 
tion  (6,2  mm  from  the  cold  side  and  13.5  mm  from  the  center 
line  of  the  composite)  the  deposition  rate  was  practically  con¬ 
stant  with  time  and  averaged  about  2.5  |xm/h  as  shown  in 
Fig.  4(b).  This  deposition  rate  is  comparable  to  that  measured 
in  Fig.  1(c).  This  is  reasonable  since  the  former  location  was 
closer  to  the  hot  side  of  the  preform  but  also  closer  to  its 
cooler  circumference. 

The  SiC  layers  were  not  detected  in  the  bottom,  cooler  por¬ 
tion  of  the  sample  prepared  with  propylene,  but  were  observed 
for  the  sample  prepared  with  propane.  While  no  appreciable 
effon  was  made  to  establish  a  minimum  thickness  of  SiC  which 
could  be  seen  with  our  microscope  (Hitachi  S4100-feg,  Tokyo, 
Japan)  in  the  backscattered  mode,  layers  less  than  0.1  |xm  in 
thickness  became  difficult  to  image  because  of  failing  contrast. 
It  is  speculated  that  the  temperature  was  too  low  for  SiC  deposi¬ 
tion  in  the  cooler  region  in  the  case  of  the  propylene  run.  The 
temperature  of  the  bottom  cloth  was  850°C  in  the  case  of  the 
propylene  run  compared  to  940°C  for  the  propane  run.  The 
temperature  of  the  bottom  cloth  in  the  former  might  have  been 
too  low  for  SiC  deposition  from  merhyltrichlorosilane.  The 
variation  of  carbon  and  SiC  deposition  rates  with  position 
within  the  preform  provides  a  qualitative  measure  of  the  tem¬ 
perature  variations  within  the  preform. 

The  selection  of  time  intervals  between  marker  layers  is  an 
important  parameter  which  will  determine  which  portions  of 
the  infiltration  process  are  to  be  monitored.  These  preliminary 
results  suggest  that  a  logarithmic  time  interval  would  perhaps 
be  most  useful  for  this  particular  system  rather  than  equitemp- 
oral  intervals.  The  technique  described  here  also  appears  to  be 
a  sensitive  method  for  learning  of  the  CVI  characteristics  of  the 
“marker"  material,  in  this  case  SiC.  By  observing  where  SiC 
occurs  in  this  sample  and  the  thickness  of  the  SiC  layers  it  is 
possible  to  deduce  information  about  the  FCVI  process  for  SiC. 

IV.  Conclusions 

The  simple  technique  of  using  marker  layers  will  be  use¬ 
ful  for  studying  isothermal,  pulse,  and  forced  flow  CVI  pro¬ 
cesses.  It  should  be  applicable  to  a  number  of  material  systems. 


(b) 


Fig.  4.  Micrographs  from  propylene  run:  (a)  near  circumference; 
(b)  approximately  midway  between  center  line  and  circumference. 


However,  any  interaction  between  the  matrix  and  the  marker 
material  should  be  minimal  for  the  success  of  this  technique.  In 
the  case  of  carbon  and  SiC  they  are  immiscible.  The  fact  that 
the  same  amount  of  carbon  deposition  occurred  in  the  propyl¬ 
ene  sample  described  here  as  for  one  prepared  under  identical 
conditions  except  that  the  SiC  layers  were  omitted  shows  that 
the  carbon  deposition  process  was  not  altered  by  the  use  of  the 
SiC  marker  layers.  If  the  nucleation  or  growth  kinetics  of  CVD 
carbon  on  a  SiC  substrate  were  vastly  different  than  for  a  carbon 
substrate,  then  the  results  obtained  might  not  have  been  totally 
representative  of  the  carbon  CVI  process.  For  the  carbon-SiC 
system,  the  results  appear  to  be  valid. 
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ABSTRACT 

A  new  type  of  composite,  which  consists  of  a  reinforcement  phase  plus  a  matrix 
composed  of  alternate  thin  layers  of  two  different  materials,  has  been  conceived.  Layered 
structures  are  known  to  enhance  mechanical  toughness  and  thus,  their  use  as  the  matrix,  along 
with  the  reinforcement  phase,  should  enhance  the  toughness  of  the  overall  composite.  CVI 
appears  to  be  an  appropriate  process  for  the  fabrication  of  this  class  of  materials.  The 
reinforcement  could  be  either  fibers,  whiskers,  platelets  or  particulates,  used  individually  or  as 
a  mixture.  The  matrix  layers  could  be  either  ceramic,  metallic,  or  polymeric.  We  have 
successfully  fabricated  such  a  composite  using  the  forced  flow-thermal  gradient  CVI  process. 
A  carbon  fibrous  preform  was  infiltrated  with  alternate  layers  of  C  and  SiC  having  thicknesses 
of  0.01  to  0.5  ^m. 
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1.  Introduction 


It  is  well  known  that  ceramics  have  desirable  properties,  such  as  light  weight,  high 
stiffness,  corrosion/wear  resistance,  and  strength  retention  at  high  temperatures.  However,  their 
brittleness  limits  their  use  in  most  structural  applications.  Metals  have  exceUent  toughness  but 
typically  suffer  from  loss  of  strength  at  high  temperatures,  excessive  creep,  and  high  density. 
These  shortcomings  have  been  overcome  for  ceramics  and  metals  using  fibers  or  whiskers  as 
reinforcement  and  also  in  metals  using  platelets  and  particulates.  For  example,  the  toughness 
of  SiC  and  carbon  have  been  improved  by  reinforcement  with  SiC  and  carbon  fibers.’’*  Also, 
SiC  fibers  or  platelets  have  been  used  to  reinforce  Ti,  A1  and  other  metals.*  In  these  prior 
examples,  the  matrix  was  either  single  phase  or  contained  a  dispersed  phase.^** 

It  is  also  well  known  that  the  mechanical  properties  of  structures  can  be  wihanced  by 
using  alternate  layers  of  two  materials.*’*’*-*  Examples  of  such  laminated  materials  include 
Ni/Cu,*  Fe/Cu,*  ZrOj/AljOj,*-”  SiC/C,‘*’‘*  TiC/TiN,‘*  TiC/TiB,,**  TiC/Ni,“  AljOj/Nb,’*  and 
many  others.  Much  of  this  work  shows  that  mechanical  and  tribological  properties  improve  as 
layer  thicknesses  decrease.’*  *’  For  some  systems,  properties  show  non-linear  changes  as  layer 
thicknesses  approach  —0.02  nm,  i.e.,  even  more  rapid  improvement  in  properties  with 
decreasing  thickness.  The  high  fracture  toughness  of  moUusk  shells  (-10  MPa*mV4)  is 
sometimes  offered  as  an  example  of  the  potential  of  layered  structures.** 

The  present  work  was  undertaken  to  combine  the  advantages  of  fiber  or  particulate 
reinforcement  and  laminated  structures.  The  resulting  composite  would  have  a  reinforcement 
phase  and  a  laminated  matrix.  It  is  suggested  that  this  new  class  of  materials  be  termed 
"Laminated  Matrix  Composites"  (LMC).  Laminated  structures  are  typically  fabricated  by 
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stacking  foils,  followed  by  hot  pressing  or  diffusion  bonding various  coating  processes, 
sedimentation,  centrifuging,*®  and  electrophoresis.**’^  These  processes,  with  the  excqjtion  of 
CVI,  do  not  lend  themselves  to  the  infiltration  of  fibrous  or  particulate  preforms.  Furthermore, 
several  of  the  processes  are  not  applicable  to  submicron  thick  layers  because  of  difficulties  with 
handling  or  limitations  on  the  size  of  the  constituents.  Howevw,  using  CVI,  a  porous  preform 
can  be  infiltrated  with  a  laminated  matrix  by  periodically  changing  the  reagent  stream  from  one 
of  precursor  to  another.  In  this  way,  many  thin  matrix  layers  may  be  easily  dqwsited. 
Both  CVD  and  CVI  have  been  used  to  make  multilayered  fiber-matrix  interface  coatings*®"**  and 
oxidation  protection  coatings  for  carbon  and  other  composites.*®’*®  Naslain  et  al.**  have  used 
CVI  to  deposit  what  they  refer  to  as  a  hybrid  matrix  where  the  first  portion  of  the  infiltration 
process  is  accomplished  using  one  material  and  the  final  infiltration  stq)  utilizes  a  second 
material.  However,  to  our  knowledge,  a  reinforced  composite  with  a  laminated  matrix  has  never 
been  prepared.  Hence,  this  work  was  undertaken  to  investigate  the  feasibility  of  fabricating 
laminated  matrix  composites  using  forced  flow-thermal  gradient  CVI.  The  two  components 
chosen  for  the  matrix  were  C  and  SiC  with  carbon  fibers  as  the  reinforcement  phase.  This 
system  was  chosen  so  as  to  obtain  a  composite  with  high  toughness  as  well  as  light  weight. 

n.  Experimental  Details 

Laminated  matrix  composites  (LMC)  in  the  shape  of  right  circular  disks  were  fabricated 
using  the  forced  flow-thermal  gradient  CVI  process.  In  this  process,  a  pressure  gradient  forces 
the  reagent  stream  to  flow  through  a  preform  which  is  subjected  to  a  temperature  gradient.  The 
details  of  the  equipment  and  general  experimental  procedure  have  been  explained  elsewhere.** 
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Briefly,  the  preforms  consisted  of  40  layers  of  T-300  plain  weave  carbon  cloth,  4.8  cm  in 
diameter,  oriented  at  0  and  90®.  These  layers  were  stacked  in  a  graphite  preform  holder  and 
lightly  compacted  giving  a  height  of  —0.8  cm.  Two  types  of  preform  holders,  namely,  type  2 
and  3,  which  are  described  in  a  prior  publication,”  were  used.  The  type  2  and  3  preform 
holders  extended  5.1  and  7.6  cm  above  the  gas  injector,  respectively.  The  height  of  the 
preform  holder  influences  the  temperature  and  the  temperature  gradient  through  the  preform. 
The  temperature  differences  between  the  hot  and  cold  sides  for  the  type  2  and  3  preform  holders 
were  -350®C  and  —  150®C,  respectively. 

The  operating  conditions  for  the  infiltration  experiments  are  given  in  Table  1.  A  thin 
carbon  interface  was  deposited  before  the  deposition  of  the  laminated  matrix.  The  interface  was 
deposited  by  flowing  40  cmVmin  of  methane  and  160  cmVmin  of  hydrogen  through  the  preform 
for  20  minutes.  The  temperature  of  the  bottom  of  the  preform  during  the  interface  deposition 
was  —  975®C.  This  step  was  followed  by  deposition  of  C  and  SiC,  alternately.  Carbon  was 
deposited  from  a  reagent  mixture  containing  50%  propylene-50  %  hydrogen  and  the  total  flow 
rate  was  400  cmVmin.  The  SiC  layers  were  deposited  using  50  cmVmin  of  methyltrichlorosilane 
(MTS)  and  500  cm^/min  of  hydrogen.  The  dq>osition  time  for  each  laminate  layer  was  5  min 
except,  for  L-5,  where  each  SiC  layer  was  deposited  for  10  min.  Two  infiltration  runs  (L-2  and 
-6)  were  conducted  using  only  a  carbon  matrix  for  the  purpose  of  comparison  with  the  LMCs. 

The  temperature  of  the  bottom  of  the  preform  during  the  course  of  depositing  the 
laminated  matrix  fluctuated  between  900  and  961  *C.  This  temperature  variation  was  caused  by 
changing  the  reagent  stream,  thereby  altering  the  thermal  conductivity  of  the  gas  between  the 
water  cooled  gas  injector  and  the  preform.  The  thermal  conductivity  of  the  propylene/hydrogen 
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mixture  was  lower  than  that  of  the  MTS/hydrogen  mixture  for  the  concentrations  used  in  the 
present  work.  Consequently,  the  temperature  increased  when  the  propylene/hydrogen  mixture 
was  used  as  the  reagent,  and  the  temperature  decreased  when  the  reagent  was  changed  to 
MTS/hydrogen.  About  60  s  elapsed  between  ending  the  dqwsition  of  one  layer  and  starting  the 
deposition  of  the  next  layer.  During  this  interval,  hydrogen  was  flowed  through  the  composite. 

The  apparent  volume  of  the  composite  was  determined  using  Archimedes’  prindple  with 
methanol  (o  =0.79  g/cm’).  The  open  pore  volume  was  calculated  by  weighing  the  composite 
saturated  with  methanol.  These  two  values  were  added  to  obtain  the  bulk  volume.  To  calculate 
total  porosity  it  was  assumed  that  the  densities  of  the  deposited  carbon  and  SiC  were  1.9  and  3.2 
g/cm’,  respectively  and  that  the  volume  of  carbon  deposited  was  twice  that  of  the  SiC  dqwsited. 

An  entire  cross-section  of  each  composite  disk  was  mounted  in  ^xy  and  polished.  The 
polished  sections  were  observed  via  scanning  electron  microscopy  to  permit  observation  of  the 
composite  microstructure.  Several  samples  were  fractured,  using  flexure,  to  observe  the 
propagation  of  cracks.  Transmission  electron  microscopy  was  used  to  more  clearly  observe  the 
thinner  layers  and  to  determine  the  phases  deposited. 

m.  Results 

The  objective  of  this  work  was  realized;  laminated  matrix  composites  were  successfully 
prepared.  The  infiltration  time,  density,  and  porosity  of  the  laminated  matrix  composites  (L-1,  - 
3  and  -5),  and  carbon  matrix  composites  (L-2  and  -6)  used  as  controls,  are  given  in  Table  2. 
The  infiltration  time  for  the  laminated  composites  was  4.5-8  h  versus  —  4  h  for  the  carbon 
matrix  composites;  apparently,  this  is  the  result  of  SiC  dqwsition  being  slower  than  carbon 
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deposition  for  the  conditions  used  here.  The  optn  porosity  of  the  laminated  matrix  and  carbon 
matrix  samples  are  similar,  but  the  closed  porosity  values  are  higher  for  the  laminated  matrix 
composites.  This  indicates  that  the  conditions  used  for  SiC  infiltration  require  adjustment  in 
order  to  achieve  similar  levels  of  closed  porosity. 

Scanning  electron  microscqjy  showed  that  the  desired  laminated  matrix  composites  were 
achieved  in  each  case  (Figures  1-4).  Both  the  C  and  SiC  layers  were  generally  continuous  with 
the  exception  of  the  first  few  layers  in  sample  L-3.  Transmission  electron  microscopy  and 
electron  diffraction  verified  that  the  deposits  were  turbostratic  carbon  and  crystalline  SiC,  as 
expected.  The  number  of  layers  at  a  given  location  dq)ended  on  the  space  between  the  fibers. 
In  a  cloth  lay-up,  as  used  in  the  present  work,  the  distance  between  the  fibers  within  a  tow  was 
2-3  fxm  (micropores)  and  the  distance  between  the  tows  was  50-100  urn  (macropores).  The  tows 
became  densified  early  in  the  infiltration  process  and  most  of  the  infiltration  time  was  spent  on 
filling  the  macropores  found  between  the  cloth  layers  and  tows  within  a  cloth.”  Hence,  all 
layers  were  not  observed  within  a  tow  (Figure  4).  However,  all  the  layers  were  observed  in  the 
matrix  deposited  within  the  macropores  (Figures  2  and  3). 

As  shown  in  Figures  1-4,  layers  of  C  and  SiC  <  0.5  urn  in  thickness  were  achieved. 
The  thickness  of  the  deposited  layers  generally  increased  with  increasing  distance  from  the  fiber 
surface  during  the  deposition  process.  The  thickness  of  the  initial  layers  was  as  small  as  0.01 
fim  (Figures  5  and  6)  and  increased  to  -0.5  iim  near  the  end  of  the  deposition  process.  The 
increase  in  the  deposition  rate,  i.e.  layer  thickness,  with  infiltration  time  was  caused  by 
reduction  of  reagent  depletion  during  the  infiltration  process.  The  term  "reagent  depletion" 
refers  to  the  reduction  in  concentration  of  the  reagent  as  the  process  gas  stream  traverses  the 
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Figure  1.  Laminated  matrix  composite  prepared  by  FCVI  showing  carbon  fiber  and 
alternating  layers  of  carbon  (dark)  and  SiC  (light).  Sample  L-1. 
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Figure  2.  Laminated  matrix  fills  region  between  layers  of  cloth.  Sample  L-3. 
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Figure  4.  The  number  of  laminate  layers  between  individual  fibers  depends  on  the  distance 
between  fibers.  Sample  L^5. 
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Figure  6.  TEM  of  laminated  matrix  composite  showing  thin  layers  near  the  fiber.  Sample 
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preform.  Initially  the  reagent  depletion  was  very  high  due  to  the  high  surface  area  of  the 
preform,  but  since  densification  isolates  an  ever  increasing  number  of  tows,  the  surface  area  of 
the  preform  gradually  reduces.  This  reduction  in  surface  area,  in  turn,  reduces  reagent  depletion 
and  thereby  leads  to  the  observed  increase  in  layer  thickness  with  time. 

Several  samples  were  deliberately  fractured  in  order  to  observe,  via  SEM,  the  crack  path. 
As  shown  in  Figure  7,  evidence  that  the  laminate  layers  offer  resistance  to  crack  propagation 
was  seen.  The  crack  shown  here  does  not  propagate  in  a  straight  line,  but  instead  follows  a 
tortuous  path  with  jogs  occurring  from  one  laminate  layer  to  an  adjacent  layer.  Typical 
debonding  at  the  fiber-matrix  interface  (not  shown)  was  also  observed.  While  these  results  are 
encouraging,  extensive  mechanical  testing  will  be  required  to  determine  if  the  laminated  matrix 
does  indeed  enhance  composite  toughness. 

I\\  DISCUSSION 

Considerable  experimental  investigation  and/or  modeling  of  the  fracture  behavior  of 
laminated  matrix  composites  will  likely  be  required  in  order  to  determine  optimum  material 
combinations  and  layer  thicknesses  for  maximizing  mechanical  performance.  Questions  to  be 
answered  include  identifying  the  preferred  relative  elastic  modulii  and  strengths  for  the  matrix 
materials,  the  modulus  of  the  matrix  compared  to  that  of  the  reinforcement,  and  should  the 
layers  be  ceramic,  metallic,  or  one  ceramic  and  one  metallic.  Also,  it  remains  to  be  determined 
whether  the  laminate  layers  should  be  of  equal  thickness  or  should  one  type  layer  be  thicker? 
Should  a  given  type  layer  be  of  uniform  thickness  or  should  the  layers  vary  in  thickness  with 
distance  from  the  reinforcement  phase? 
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Figure  7.  Deliberate  fracture  showing  tortuous  crack  path  in  the  laminated  matrix.  Sample 
L-l-M-3. 
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The  laminated  matrix  composite  concq)t  offers  a  number  of  interesting  <^tions  for 
improving  performance  and  lowering  costs.  For  example,  if  the  multiple  interfaces  within  the 
laminated  matrix  are  effective  in  retarding  crack  propagation,  that  is,  increasing  toughness,  then 
it  may  be  possible  to  use  particles  or  platelets  as  the  reinforcement  phase  rather  than  fibers.  If 
this  is  shown  to  be  possible,  then  t^rpreciable  reduction  in  composite  costs  would  result. 
Particles  of  SiC  are  commercially  available  in  a  variety  of  sizes  for  $l-2/lb  compared  to  $300/lb 
for  Nicalon  SiC  fiber.  It  may  be  that  readily  cleaved  oxides,  such  as  the  /?"-aluminas, 

magnetoplumbites,  or  monazite,  may  be  appropriate  materials  for  use  as  the  reinforcement  or 
as  one  of  the  matrix  layers. 

If  particulates,  rather  than  fibers,  are  used  as  the  reinforcement  phase,  it  will  be  possible 
to  use  higher  CVI  processing  temperatures.  Often  with  current  fibers,  it  is  necessary  to  use  low 
temperatures  to  avoid  fiber  degradation.  The  freedom  to  use  higher  processing  temperatures 
would  permit  higher  deposition  rates  and  lower  processing  time  and  cost.  There  would  also  be 
increased  latitude  in  selecting  the  processing  temperature  that  yields  optimum  matrix  composition 
and  microstructure,  and  therefore,  optimum  properties. 

Other  options  for  tailoring  the  properties  of  iaminated  matrix  composites  also  exist.  By 
changing  layer  thicknesses  or  compositions  it  would  be  possible  to  grade  the  composition  of  the 
matrix  so  as  to  obtain  desired  properties,  such  as  chemical  compatibUity,  and  to  tailor  the 
coefficient  of  thermal  expansion.  Use  of  more  than  two  layers  in  the  matrix  should  also  be 
feasible.  For  example,  a  matrix  composed  of  Uyers  of  caibon,  boron  carbide,  and  SiC  should 
have  improved  resistance  to  oxidation  compared  to  a  pure  carbon  matrix.  It  may  also  be 
desirable  to  deposit  matrix  layers  that  are  dispersed  phase  composites.  Computer  control  could 
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facilitate  control  of  layer  thickness  and  composition,  including  varying  the  fraction  of  the 
di^rsed  phase. 

In  addition  to  improvements  in  mechanical  properties,  laminated  matrix  composites  may 
prove  useful  in  tailoring  thermal  conductivity.  For  example,  it  is  well  known  that  numwous 
interfaces  interfere  with  phonon  transport  and  thus  laminated  matrix  composites  may  offer  a 
route  for  prq)aring  improved  thermal  insulators.  Similarly,  if  a  composite  having  a  high  thermal 
conductivity  were  desired,  thicker  layers  could  be  used  and  one  or  more  of  the  materials  selected 
for  the  matrix  should  possess  a  high  thermal  conductivity. 

V.  CONCLUSIONS 

A  new  class  of  composite,  composed  of  a  reinforcement  phase  plus  a  laminated  matrix, 
was  described  and  fabrication  was  shown  to  be  feasible  by  using  CVI  to  dQosit  alternating 
layers  of  carbon  and  SiC  in  a  carbon  fiber  preform.  Layer  thicknesses  in  the  range  0.01  to  0.5 
^m  were  achieved.  It  is  speculated  that  if  the  numerous  interfaces  present  in  a  laminated  matrix 
are  effective  in  inhibiting  crack  propagation,  it  may  be  possible  to  use  inexpensive  particulates 
or  platelets,  rather  than  fibers,  as  the  reinforcement  phase.  Laminated  matrix  composites  may 
also  be  useful  in  tailoring  the  coefficient  of  thermal  expansion  and  thermal  conductivity  of 
materials. 
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LIST  OF  HGURES 


Figure  1.  Laminated  matrix  composite  prqpared  by  FCVI  showing  carbon  fiba*  and 

« 

alternating  layers  of  carbon  (dark)  and  SiC  Sample  L-1. 

Figure  2.  Laminated  matrix  fills  region  between  layers  of  doth.  Sample  L-3. 

Figure  3.  Laminated  matrix  composite.  Sample  L-5. 

Figure  4.  The  number  of  laminate  layers  between  individual  fibers  dq)ends  on  the  distance 
between  fibers.  Sample  L-5. 

Figure  5.  TEM  of  laminated  matrix  composite  showing  that  layw  thickness  increases  with 
distance  fi-om  the  fiber.  The  SiC  layers  are  dark.  Sample  L-5, 

Figure  6.  TEM  of  laminated  matrix  composite  showing  thin  layers  near  the  fiber.  Sample 
L-1. 

Figure  7.  Deliberate  fracture  showing  tortuous  crack  path  in  the  laminated  matrix.  Sample 
L-l-M-3. 
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Table  1.  Processing  conditions  for  laminated  matrix  composites. 


Run 

Number 

Preform 

Type 

Temperature 
of  Preform 
Bottom 

CC) 

Carbon 
Dq>osition 
Time  per  Cycle 
(mins) 

SiC  Deposition 
Time  per  Cycle 
(mins) 

■m 

3 

5 

5 

3 

915-954 

— 

2 

900-961 

5 

5 

3 

910-959 

5 

10 

■SB 

2 

900-967 

— 
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Table  2.  Properties  of  the  infiltrated  composites. 


1  KuQ 

I  Numb^ 

Fiber 

Q)DteDt 

m 

Total 
Number 
of  Cycles 

Infiltration 

Time 

(h) 

Weight 

Gain 

(g) 

Bulk 

Dmsity 

(g/cmO 

Total 

Porosity 

(%) 

Open 

Porosity 

(%) 

WBM 

50.6 

40 

6.67 

1.672 

16.4 

5.94 

49.0 

— 

4.25 

11.74 

1.658 

9.2 

4.97 

56.7 

27 

4.50 

14.74 

1.700 

13.7 

5.56 

51.8 

32 

8.00 

12.88 

1.647 

17.7 

8.90 

1 

50.8 

- 

3.60 

13.11 

1.692 

7.6 

7.57 
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The  Chemical  Vapor  Deposition  of  B,3C2  from 
Mixtures  of  BCl3-CH4-H2-Ar 

Thomas  S.  Moss*^  and  W.  Jack  Lackey,*  Georgia  Tech  Research  Institute,  Georgia  Institute 
of  Technology,  Atlanta,  GA  30332-0826  and  Karren  L.  More,  Oak  Ridge  National 
Laboratory,  Oak  Ridge,  TN  37831 

Abstract 

The  deposition  of  boron  carbide,  B,3C2,  onto  graphite  substrates  was  accomplished 
using  a  hot  wall  CVD  reactor  at  a  pressure  of  10.1  kPa  (0.1  atm)  in  the  temperature  range  of 
1000  to  1400°C.  A  modified  impinging  jet  geometry  was  employed  to  simplify  the  mass 
transfer  analysis.  Coatings  were  characterized  using  x-ray  diffraction  (XRD),  scanning 
electron  microscopy  (SEM),  and  transmission  electron  microscopy  (TEM).  The  surface 
morphology  was  composed  of  well  defined  facets  whose  size  was  dependent  on  the  growth 
rate  and  deposition  time,  as  would  be  expected  from  a  competitive  growth  mechanism.  TEM 
micrographs  of  the  coating  showed  long  columnar  grains  emanating  from  a  narrow  nucleation 
zone.  The  growth  rate  was  found  to  be  adequately  described  by  a  first  order  kinetic 
expression  with  respect  to  the  bulk  gas  phase  BCI3  concentration.  The  activation  energy  of 
the  kinetic  expression  was  estimated  to  be  93.1  kJ/mole.  It  was  proposed  that  the  deposition 
was  limited  by  the  adsorption  of  BCI3  onto  the  substrate  surface. 

CVD,  Boron  Carbide,  Microstructure,  Coating,  Kinetics 


'Member,  ACS 

•’Los  Alamos  National  Laboratory 


Introduction 


The  synthesis  of  boron  carbide  has  been  of  interest  to  many  fields,  such  as  the 
aerospace,  nuclear,  and  abrasives  industries.  However,  because  of  its  high  melting 
temperature,  processing  using  many  conventional  techniques  can  be  both  difficult  and 
expensive.  The  process  of  chemical  vapor  deposition  (CVD)  is  well  suited  for  the  production 
of  refractory  materials  due  to  the  relatively  low  processing  temperatures.  Further,  materials 
synthesized  in  CVD  reactors  are  typified  by  their  high  purity  and  low  porosity.  Also, 
because  of  the  wide  latitude  of  processing  conditions,  CVD  allows  for  greater  control  of  final 
properties  of  the  deposition  by  tailoring  microstructure,  stoichiometry,  and  morphology.  The 
objective  of  these  deposition  experiments  was  to  determine  not  only  the  form  of  the  reaction 
expression  but  also  to  learn  appropriate  conditions  for  the  production  of  boron  carbide  for 
dispersed  phase  coatings.  The  overall  deposition  reaction  has  the  form: 

UBCl^ig)  +  2CH^(g)  +  +  39i/C/(g)  (D 


Background 

Of  the  different  boron  carbide  phases,  BJ3C2  (commonly  referred  to  by  the  B4C 
misnomer)  is  the  best  known.  It  has  a  rhombohedral  structure  with  a  B^  icosahedron  at  the 
unit  cell  comer  and  is  connected  by  a  -CBC-  chain  along  the  unit  cell  diagonal.’-^  Boron 
carbide  is  a  stable  refractory  compound  which  has  a  melting  temperature  of  about  2450®C.^ 
The  microhardness  of  boron  carbide  has  been  shown  to  be  inferior  to  only  diamond, 
diamond-like  carbon,  and  cubic  boron  nitride,^  and  excellent  erosion  resistance  has  also  been 
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exhibited.*  In  addition  to  its  attractive  mechanical  properties,  it  shows  interesting  thermal 
and  electrical  properties  making  it  of  interest  to  the  field  of  thermoelectric  power  generation.* 

Boron  carbide  is  commonly  produced  via  CVD  through  the  direct  reaction  of  a  boron 
species  with  a  carbon  species  in  the  presence  of  hydrogen  as  a  reducing  agent.  The  boron 
halides,  BCI3,’  ’  BBr3,*®  and  BI3"  are  the  most  common  boron  sources.  While  deposition 
temperature  is  highly  dependent  on  the  halide  choice,  temperatures  over  1000°C  are  usually 
required.  In  general,  the  stability  of  the  boron  halides  decreases  from  BCI3  to  BBrj  to  BI3 
which  means  that  minimum  deposition  temperatures  can  be  expected  to  decrease  in  the  same 
order.  This  situation  makes  BBrj  and  BI3  useful  for  certain  applications  where  the  deposition 
temperature  must  be  kept  low.  However,  the  less  stable  species  will  be  more  reactive, 
especially  with  moisture,  making  them  corrosive  to  vacuum  pumps,  mass  flow  meters,  and 
reagent  lines.  The  increased  reactivity  of  BBr3  and  BI3  makes  BCI3  the  species  of  choice 
except  where  lower  deposition  temperatures  are  needed.  Boranes  (B^Hy)*^  and  carboranes 
(C^ByHJ**  have  also  been  tried  to  a  much  lesser  extent.  These  classes  of  materials  are  even 
more  unstable  than  the  boron  halides;  so,  their  deposition  temperature  should  be  lower, 
although  they  must  be  carefully  handled.  However,  they  have  not  been  thoroughly 
investigated  and  are  expensive. 

The  choice  for  the  carbon  species  has  most  widely  been  methane,  CH*,’'*  although 
deposition  has  been  accomplished  with  other  hydrocarbons  such  as  C2H4‘^  and  C2H4**  as  well 
as  with  carbon  halides."-’*  *’  The  role  of  CH4  in  the  deposition  of  boron  carbide  has  not 
been  well  established  at  this  point.  In  general,  lower  deposition  rates  and  carbon  contents  in 
the  deposit  are  expected  when  CH4  is  used.  This  is  thought  to  be  due  to  the  weak  interaction 
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between  CH4  and  graphite  substrates  which  limits  adsorption.**  However,  studies  have 
shown  that  the  nucleation  strongly  depends  on  the  concentration  of  CH4;  surface  nucleation 
density,  in  fact,  decreases  with  increases  in  the  CH4  concentration.*’ 

There  has  been  one  systematic  study  of  the  kinetics  of  boron  carbide  CVD  for  a  hot 
wall  reactor  from  mixtures  of  BCI3,  CH4,  and  H2  by  Hannache  et  al.“  They  produced  B13C2 
coatings  in  the  ranges  of  10  to  120  seem  total  flow  rate,  10  to  100  torr  system  pressure,  and 
850  to  1050®C.  The  effect  of  total  flow  rate  on  the  deposition  rate  showed  a  linear 
relationship  at  900  and  OSO^C,  but  at  1000°C,  the  deposition  rate  increased  rapidly  between 
30  and  90  seem.  They  attributed  this  increase  to  depletion  of  the  reagent  to  the  walls  of  the 
reactor  at  lower  flow  rates;  however,  as  the  flow  rate  increased,  the  degree  of  depletion 
decreased  and  eventually  became  insignificant  compared  to  the  active  reagent  in  the  gas 
phase.  The  influence  of  total  pressure  showed  that,  at  low  flow  rates,  the  deposition 
increases  rapidly  with  increasing  pressure  until  about  50  torr,  when  the  rate  begins  to  drop. 
The  lower  flow  rate  was  determined  to  be  not  suitable  for  proper  investigation.  At  higher 
flow  rates,  the  deposition  rate  increased  rapidly  with  increasing  pressure.  They  indicated 
that  increasing  the  pressure  resulted  in  a  transition  between  surface  and  diffusion  kinetic 
regimes.  The  effect  of  temperature  was  examined  to  determine  the  activation  energy  of  the 
reaction.  In  the  course,  they  discovered  two  separate  regimes  occurring  above  and  below 
950‘'C.  The  low  temperature  region  had  an  apparent  activation  energy  of  90  kcal/mole 
which  did  not  depend  on  the  total  pressure  or  flow  rate.  The  pre-exponential  constant  did, 
however,  change  with  the  total  pressure  and  flow  rate.  At  higher  temperatures,  the 
Arrhenius  plot  was  not  quite  as  steep  as  it  was  below  950°C  and  did  not  follow  a  simple  law. 
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They  explained  this  change  as  a  transition  from  a  surface  kinetic  regime  to  a  diffusion 
controlled  regime.  The  value  of  the  apparent  activation  energy  suggested  to  this  group  that 
CH4  was  a  predominant  step  towards  deposition,  with  a  reaction  order  of  one.  They  based 
this  claim  on  previous  results  reported  for  the  CVD  of  TiC  from  mixtures  of  TiCl4,  CH4,  and 
H2.  Importantly,  this  work  has  been  the  only  in-depth  report  of  hot  wall  deposition  of  boron 
carbide;  other  research  has  been  focysed  on  cold  wall  reactors. 

In  the  work  of  Vandenbulcke  and  Vuillard,’  who  used  a  cold  wall  impinging  jet 
reactor,  deposition  was  thought  to  be  controlled  by  mass  transfer  at  temperatures  over 
1427®C  and  by  surface  kinetics  at  lower  temperatures.  In  the  modeling  of  the  low 
temperature  surface  kinetics,  the  following  model  was  given: 

BCl^(g)  +  H^ig)  -  HBClJg)  +  HClig)  (2) 

xHBClJg)  +  -HJg)  -  xBis)  +  2xHCl(g)  (3) 

^  2 

yCH,ig)-yC{s)^lyH^{g)  (4) 

From  this  model,  rate  expressions  for  the  rate  of  formation  of  boron  and  carbon  were 
separately  determined.  The  rate  expressions  were  as  follows: 
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(5) 


R  - 


R 

0^*^cbJ*cb) 


(6) 


Both  rate  expressions  show  the  imp>ortance  of  CH4  adsorption  in  the  limiting  of  the  reaction. 

Rebenne  and  Pollard^*  developed  a  mathematical  model  to  describe  the  deposition  of 
boron  carbide  in  an  impinging  jet,  cold  wall  reactor.  They  used  a  published  set  of  data  from 
Vandenbulcke“  to  match  theoretical  results  to  determine  the  reaction  rate  constants.  They 
also  hoped  to  learn  the  rate  limiting  steps  for  deposition  based  on  the  conditions  which  gave 
the  best  match  to  the  data.  Their  comparison  allowed  for  non-stoichiometric  and  multiple 
solid  phases  and  used  a  comprehensive  model  which  took  into  account  fluid  flow  of  the 
reagents,  multicomponent  heat  and  mass  transfer,  and  simultaneous  surface  and  gas-phase 
reactions.  The  conclusion  reached  stated  that  the  deposition  of  ByC  was  primarily  controlled 
by  the  rate  of  CH4  decomposition  and  the  extent  of  surface  coverage  of  CH,.  However,  their 
equilibrium  model  showed  erroneous  trends  under  conditions  where  kinetic  reactions  were 
important.  For  example,  they  found  that  the  boron  to  carbon  ratio  in  the  coatings,  y  in  ByC, 
decreased  as  the  surface  temperature  increased,  but  the  mathematical  model  predicted  an 
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increase  in  y.  In  general,  kinetic  limitations  proved  to  be  important  at  low  system 
temperatures  and  pressures  and  at  high  volumetric  flow  rates.  However,  the  validity  of  their 
model  was  based  on  a  fit  of  a  small  amount  of  published  data. 

Dariel  et  al.“  examined  the  deposition  of  boron  carbide  from  both  a  cold  wall  and  a 
hot  wall  reactor,  at  temperatures  between  900  and  1200®C.  They  used  BCI3,  CsH^,  H2,  and 
Ar  as  reagents,  graphite  as  the  substrate,  and  pressures  of  730  to  800  torr.  Chemical 
analysis  of  the  coatings  showed  the  B/C  ratio  to  be  between  5.4  and  5.9,  within  the  range  for 
single  phase  boron  carbide.  They  found  that  at  low  temperatures,  950°C,  the  coating 
appeared  amorphous  based  on  x-ray  measurements.  Further,  they  found  no  evidence  of  any 
mass  transport  effects  from  the  deposition  in  the  temperature  range  studied.  The  surface 
kinetics  controlled  the  reaction  up  to  a  temperature  of  1050°C,  when  the  coating  showed 
strong  110  preferred  orientation.  The  hardness  of  the  coatings  was  determined  to  be 
extremely  high,  on  the  order  of  4000  kg/mm^. 

Lartigue  et  al.^"*  also  studied  the  low  pressure  deposition  of  boron  carbide  from 
mixtures  of  BCI3,  CR,,  and  onto  nuclear  purity  graphite.  They  worked  in  the 
temperature  range  of  927  to  1477"C  with  heating  done  by  RF-induction.  They  found  that  the 
growth  rate  of  boron  carbide  was  strongly  dependent  on  both  temperature  and  the  carbon  to 
boron  ratio  in  the  reagent  flow.  They  measured  this  carbon  to  boron  ratio  in  the  reagent 
stream  using  a  factor  defined  by  the  flow  rates  of  CH4  and  BCI3.  The  factor  R  was  the  ratio 
of  the  CH4  flow  rate  to  the  total  flow  rate  of  the  CR  and  BCI3.  Examining  the  deposition 
rate  as  a  function  of  this  quantity  at  different  temperatures  showed  that  the  CR  flow  had  an 
increasing  effect  with  increasing  temperatures.  From  the  examination  of  the  deposition  rate 
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as  a  function  of  R,  it  was  noted  that  the  effects  of  increases  in  the  methane  do  not  become 
significant  until  1237 "C.  Before  that  point,  deposition  was  seemingly  unchanged  by 
increases  in  the  CH,  flow  rate.  They  also  examined  the  deposition  areas  for  phases  in  the 
boron  carbide  system  as  a  function  of  the  temperature  and  R.  There  were  large  areas  where 
non-equilibrium  phases  were  predicted,  i.e.,  and  B50C2.  The  appearance  of  such  phases 
may  be  attributed  to  the  use  of  cold  wall  reactors,  where  the  kinetics  of  such  phases  may 
become  favorable. 

The  morphology  and  microstructure  of  the  boron  carbide  phases  has  also  been  studied 
by  several  groups. Frequently,  the  metastable  tetragonal  (B50C  and  B50C2)  and 
orthorhombic  phases  (BgC)  have  very  large  crystallites  with  well  defined  facets.  These 
phases  are  typically  found  in  areas  of  low  carbon  input  and  in  systems  which  do  not  activate 
the  carbon  reagent  (i.e.,  cold  wall  furnaces),  especially  when  CH4  is  used.  These  phases  are 
hard  to  produce  in  hot  wall  reactors  and  decompose  to  B13C2  and  boron  upon  heating.^*  The 
rhombohedral  BijCj,  however,  shows  a  more  disorganized  morphology  with  smaller  crystal 
facets.  Low  temperatures  tend  to  form  smaller,  more  disorganized  facets.^’  Transmission 
electron  microscopy  shows  strong  variations  in  the  grain  size  with  smaller  grains  at  the 
substrate  interface  and  large  featherlike  grains  closer  to  the  surface.*®  Amoiphous  boron 
carbide  exhibits  the  typical  nodular  morphology. 

Procedure 

The  experimental  schematic  used  for  the  B13C2  deposition  system  is  shown  in  Figure 
1 .  The  reagent  supply  system  was  used  to  accurately  meter  the  flow  of  the  species  into  the 
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deposition  reactor.  For  this  system  the  reagents  (Ar,  H2,  CH4,  and  BCI3)  were  gases  at  room 
temperature  and  atmospheric  pressure,  and  delivery  was  completed  by  flowing  the  gases 
through  MKS  Type  1259B  mass  flow  meters.  Reagents  were  carried  to  the  reactor  in  heated 
stainless  steel  lines  and  were  introduced  into  the  furnace  through  a  single-path  water  cooled 
gas  injector. 

The  deposition  reactor  was  a  vertical,  hot-wall  deposition  furnace  which  contain  a 
graphite  heating  element  and  a  graphite  reaction  chamber.  The  temperature  within  the 
reactor  was  calibrated  against  an  Ircon  Type  R  optical  pyrometer  and  a  Type  K 
thermocouple.  The  temperature  of  the  furnace  was  controlled  using  a  Microstar  SCR 
moderator.  The  pressure  within  the  reaction  vessel  was  measured  using  an  MKS  Type  122A 
pressure  transducer.  Exhaust  gas  species  were  passed  through  a  scrubber  filled  with  soda 
lime,  desiccant,  and  glass  wool  to  remove  the  product  acids  and  any  particulates. 
Downstream  from  the  scrubber  was  a  corrosion-resistant  Leybold  vacuum  pump  which  was 
used  to  operate  at  reduced  pressures. 

The  choice  of  substrates  for  deposition  was  ATJ  graphite,  machined  to  2'/4"  x  x 
Va”.  Other  substrate  types  that  were  tried  included  alumina,  titanium,  and  tungsten. 
However,  these  materials  had  thermal  expansion  mismatch  problems,  as  well  as  a  strong 
tendency  to  form  undesirable  reaction  layers.  In  typical  CVD  reactors  the  substrate  is 
positioned  within  the  gas  stream  by  suspending  it  or  by  fixing  its  position  with  a  sample 
holder.  A  problem  that  develops  with  this  type  of  geometry  is  the  formation  of  a  non-linear 
and  uneven  boundary  layer  over  the  surface.  Further,  the  effect  of  reagent  depletion  can  be 
viewed  from  changes  in  the  coating  thickness  along  the  length  of  the  substrate,  complicating 
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the  analysis.  These  are  two  complex  problems  which  do  not  lend  themselves  well  for  kinetic 
modeling.  However,  they  may  be  overcome  by  changing  to  the  modified  impinging  jet 
geometry.  With  this  reaction  geometry,  the  reagent  gases  were  delivered  to  the  reactor  after 
passing  through  the  impinging  jet  disk  located  above  the  injector.  The  coatings  produced  by 
this  method  have  a  characteristic  pattern  of  a  series  of  concentric  rings.  The  center-most 
circle  was  known  as  the  stagnation  region  and  was  the  area  of  interest  for  characterization. 

It  has  been  previously  shown  that  radial  concentration  gradients  are  eliminated  within  the 
stagnation  region.^’  This  means  that  mass  transfer  effects  need  only  be  modeled  in  one 
dimension  from  a  concentration  gradient  established  between  the  bulk  gas  phase  and  the 
substrate  surface.  The  necessary  equations  for  the  calculation  of  the  diffusion  coefficient  and 
the  boundary  layer  thickness  are  summarized  elsewhere.^^  The  estimates  of  these  values 

were  easily  calculated  through  the  use  of  a  computer  program. 

There  were  a  total  of  49  experiments  performed  for  the  deposition  of  B13C2:  12  at 
1000°C,  15  at  1200°C,  and  22  at  1400®C.  The  conditions  at  individual  temperatures  and 
corresponding  sample  numbers  are  summarized  within  Tables  1  to  3.  These  samples  were 
characterized  using  several  techniques  including  x-ray  diffraction  (XRD)  and  scanning 
electron  microscopy  (SEM).  A  few  samples  were  identified  to  be  examined  using 
transmission  electron  microscopy  (TEM). 

For  XRD  and  subsequent  characterization,  the  small  stagnation  region  was  isolated 
from  the  surrounding  area.  The  sample  was  then  characterized  using  XRD  analysis  to 
identify  crystalline  phases.  XRD  patterns  were  taken  using  a  Phillips  1800  automatic  powder 
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diffractometer,  using  copper  K„  radiation  at  40  kV  and  30  mA;  scans  were  taken  in  a  range 
of  20.0  to  75.0*20. 

Cross-sectional  SEM  micrographs  were  taken  using  a  fractured  surface  produced  by 
breaking  the  sample  in  half  across  the  stagnation  region.  One  of  these  halves  was  mounted 
and  examined  in  the  SEM.  Micrographs  were  taken  in  a  Hitachi  4100  and  a  Hitachi  S-800. 
Both  microscopes  were  operated  at  S  kV,  and  micrographs  were  consistently  taken  at  a 
magnification  of  lOOOx.  Direct  measurements  of  the  thicknesses  were  taken  directly  from 
the  micrographs  using  digital  calipers.  Ten  measurements  were  taken  from  each  micrograph, 

m 

and  an  average  thickness  was  calculated,  along  with  the  standard  deviation  of  the 
measurements.  Morphological  SEM  micrographs  were  taken  by  viewing  the  sample  so  that 
the  surface  of  the  coated  sample  was  observed.  Micrographs  were  also  taken  at  a 
magnification  of  lOOOx  for  all  samples. 

Selected  samples  were  thinned  for  examination  using  TEM.  Micrographs  and 
diffraction  patterns  were  taken  from  several  areas  throughout  the  coating  with  particular 
emphasis  on  the  substrate-coating  interface.  Based  on  these  observations,  additional 
information  regarding  the  microstructure  of  the  deposit  could  be  gained. 

Results 

The  results  of  the  boron  carbide  experiments  are  summarized  in  Tables  4  to  6  for  the 
three  experimental  temperatures.  These  tables  show  both  the  deposition  rate  in  cm/sec,  taken 
directly  from  cross-sectional  micrographs,  and  the  mass  transfer  coefficient,  D/6,  in  cm/sec, 
calculated  from  the  equations  presented  elsewhere.^^  The  mass  transfer  coefficient  was 
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calculated  using  two  different  binary  diffusion  equations,  Chapman-Enskog  (D/6)  and 
Slattery-Bird  (D/5)’.  Phase  identification  was  done  based  on  x-ray  diffraction  measurements 
compared  to  patterns  listed  in  the  JCPDS  file.  All  of  the  diffraction  patterns  were  matched 
to  B13C2,  card  33-225. 

Morpholoev  and  Microstructure 

Due  to  the  high  number  of  deposition  experiments,  it  would  be  quite  cumbersome  to 
display  all  of  the  cross-sectional  and  morphological  micrographs.  However,  nine 
representative  samples  are  displayed  in  Figures  2  to  10,  showing  low,  medium,  and  high 
relative  deposition  rates  for  the  three  temperatures:  10(X),  1200,  and  1400“C. 

The  fracture  of  the  coatings  generally  produced  a  very  smooth  and  even  surface  where 
the  crack  moved  directly  through  the  compound,  a  sign  of  a  brittle  material.  Such  behavior 
was  expected  from  the  super-hard  B13C2  and  enabled  the  cross-sections  to  be  examined 
without  any  polishing. 

The  changes  in  the  morphology  of  the  coatings  reveal  some  interesting  trends  in  the 
deposition  behavior.  The  morphologies  in  all  micrographs  contain  the  same  features  on  the 
surface.  All  micrographs  have  well  defined  facets,  typically  coming  to  a  sharp  point  or 
sharp  line.  Examining  the  changes  in  the  morphology  as  a  function  of  the  deposition  rate  at 
a  constant  temperature,  it  is  possible  to  see  that  the  surface  features  became  larger  as  the 
deposition  rate  increases.  This  difference  was  especially  accentuated  at  14()0°C  in  Figures  8 
to  10,  where  the  deposition  thickness  increases  from  31.4  to  41.7  to  75.9  fim,  respectively. 
The  surface  morphology  goes  from  having  a  large  number  of  smaller  facets  at  the  lowest 
deposition  thickness  to  having  a  small  number  of  very  large  facets  at  the  highest  deposition 
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thickness.  The  mid- value  coating  thickness  showed  a  transition  between  the  two 
morphologies,  demonstrating  how  the  facet  density  decreases  and  the  facet  size  increased  as 
the  deposition  rate  increased.  This  same  transition  in  the  surface  morphology  may  be  seen  in 
the  micrographs  from  the  other  two  temperatures,  Figures  2  to  4  and  Figures  5  to  7. 
However,  at  these  lower  temperatures,  the  change  in  deposition  rate  was  not  quite  as  stark  as 
at  the  highest  temperature,  and  the  resulting  surface  morphology  change  was  also  not  as 
graphic.  Only  at  1200°C  and  the  highest  deposition  rate  did  the  morphology  not  have  as 
large  of  surface  features  as  might  be  expected. 

Also,  the  differences  in  the  deposition  temperature  may  be  observed  among  the 
micrographs.  It  may  be  seen  that  going  from  lower,  to  intermediate  to  high  temperatures 
resulted  in  changes  in  the  facet  density  and  size,  much  in  the  same  trend  that  was  previously 
described  in  increasing  the  deposition  thickness.  However,  an  accurate  comparison  of  the 
morphologies  in  these  micrographs  was  not  entirely  fair,  since  the  deposition  rates  among  all 
three  temperatures  was  quite  different.  A  better  comparison  would  be  among  coatings 
prepared  at  different  temperatures  but  having  similar  deposition  thicknesses  and  growth  rates. 
Such  a  comparison  was  possible  at  1200  and  1400°C  by  examining  Figures  6  and  8,  where 
the  deposition  thicknesses  were  32.8  /im  and  9.11x10’’  cm/s  and  31.4  /xm  and  11.62x10’’ 
cm/s,  respectively.  There  does  not  appear  to  be  a  discemable  difference  between  the  two 
micrographs  beyond  what  might  be  expected  from  the  differences  in  the  two  growth  rates, 
i.e.,  the  facets  appeared  to  be  slightly  smaller  at  1200“C  but  the  deposition  rate  was  also 
slightly  lower  leading  to  somewhat  less  competitive  growth.  The  result  of  this  lack  of 
difference  indicates  that  the  moiphology  was  primarily  controlled  by  the  deposition  thickness 
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and  the  growth  rate.  Of  course,  the  deposition  rate  was  a  strong  function  of  the  temperature. 
Thus,  changing  the  temperature  while  maintaining  the  same  deposition  conditions  would 
produce  differing  morphologies,  but  these  differences  could  be  attributed  to  the  temperature 
effect  on  the  nucleation  and  growth  rate. 

These  changes  in  the  surface  moiphology  may  be  correlated  to  the  deposition 
behavior.  In  general,  the  surface  features  are  defined  by  the  nucleation  and  subsequent 
growth  mechanisms.  Under  conditions  where  rapid  nucleation  was  favored,  i.e. ,  high 
temperatures  and  supersaturations,  a  large  number  of  smaller  surface  features  would  be 
expected  because  there  were  so  many  more  grains  which  can  grow.  This  certainly  does  not 
seem  to  be  the  case  for  the  samples  observed  in  this  study.  The  size  and  number  of  surface 
features  appears  to  be  tied  more  strongly  to  the  growth  rate  of  the  coating.  Under  high 
growth  conditions,  high  temperatures  and  supersaturations  again,  there  appear  to  be  larger 
and  less  numerous  features  on  the  surface.  A  possible  explanation  for  this  would  be  a 
competitive  growth  mechanism  between  the  active  grains.  This  concept  may  be  visualized  as 
a  series  of  cones  growing  outward  from  the  substrate  surface.  As  the  cones  grow  longer, 
their  diameter  also  increases,  and  they  reach  the  point  where  they  can  impinge  upon  one 
another  and  can  cut  off  the  growth  path  of  those  which  are  slightly  shorter.  The  result  is  that 
at  the  substrate  there  are  a  large  number  of  grains  which  are  nucleated,  but  moving  out  from 
the  interface,  the  number  of  grains  decrease  and  the  size  of  the  grains  increase.  Therefore, 
in  samples  which  have  thick  coatings,  the  surface  features  are  larger  because  there  was  a 
longer  distance  for  the  grains  to  grow  competitively  and  extinguish  the  growth  of  neighboring 
grains.  Thinner  deposits  under  similar  deposition  conditions  had  more  numerous  and  smaller 
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features  since  they  do  not  have  the  same  length  of  competitive  growth.  Examining  samples 
which  have  similar  thicknesses  and  growth  rates  but  different  deposition  temperatures  was 
done  for  DB-153  (31.4  /xm)  and  DB-142  (32.8  urn).  These  samples  have  comparable 
features  with  only  slight  differences  which  can  be  attributed  to  the  nucleation  rate  difference 
due  to  the  temperature  difference.  Therefore,  the  morphology  of  the  sample  was  very  much 
a  product  of  the  deposition  thickness  and  growth  rate  of  the  sample  due  to  the  high  amounts 
of  competitive  growth  which  was  occurring. 

The  presence  of  the  well  defined  features  at  the  surface  also  points  to  the  high  degree 
of  crystallinity  of  the  deposits.  Because  BijCj  is  composed  of  light  elements,  diffraction 
patterns  can  be  complicated  by  the  low  return  signal.  The  linear  mass  absorption  of  B13C2  for 
Cu  K„  radiation,  given  by  the  summation  of  the  weight  fractions  of  the  components  times  the 
linear  mass  absorption  of  the  individual  elements,  is  2.45  cm^/g.  From  the  linear  mass 
adsorption  equation,  the  transmitted  signal  through  the  sample  when  the  sample  is  20  /xm 
thick  is  98.78%,  meaning  that  only  1.22%  of  the  beam  can  be  diffracted.  Increasing  the 
coating  thickness  to  40  fxm  decreases  the  transmitted  value  to  97.57%,  almost  doubling  the 
available  diffracted  beam  to  2.43%.  Thus,  in  trying  to  compare  diffraction  patterns,  it 
becomes  important  to  keep  in  mind  that  the  absolute  heights  of  the  observed  peaks  are  highly 
dependent  on  the  coating  thickness.  As  a  result,  it  is  often  best  to  observe  the  relative 
intensities  of  the  peaks,  normalized  to  the  highest  observed  peak  intensity.  This  information 
is  summarized  in  Table  7. 

The  comparison  of  the  relative  intensities  of  the  patterns  listed  in  Table  7  does  not 
show  a  firm  relationship  with  deposition  rate  or  temperature.  It  was  expected  that  there 
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would  be  a  trend  to  a  more  polycrystalline  coating  at  higher  deposition  rates  and  lower 
temperatures.  While  there  are  instances  where  this  trend  does  exist,  such  as  between  DB-231 
and  DB-228,  DB-231  had  the  higher  deposition  rate  and  more  polycrystalline  pattern.  Also, 
DB-219  showed  a  higher  degree  of  orientation  than  DB-216  presumably  due  to  the  lower 
deposition  rate  in  DB-219.  However,  an  overall  statement  cannot  be  applied  to  all  of  the 
patterns.  For  example,  a  comparison  of  DB-142  and  DB-153  was  expected  to  show  a  trend 
towards  a  more  single  crystal  coating  since  these  deposits  had  roughly  the  same  deposition 
rate  but  were  deposited  at  different  temperatures.  However,  if  anything,  the  lower 
temperature  coating  appears  to  have  less  polycrystalline  character  to  it. 

There  did,  however,  appear  to  be  a  change  in  the  orientation  of  the  deposition  as  the 
temperature  was  increased.  At  1000°C,  the  patterns  showed  the  strong  presence  of  the  003 
peak,  with  it  being  the  100%  peak  in  DB-231  and  DB-228  and  a  71%  peak  in  DB-233.  But, 
at  temperatures  above  1000°C,  the  003  peak  intensity  dropped  severely  and  was  not  seen  in 
several  patterns.  The  100%  peak  in  all  of  the  patterns  from  above  1000®C  was  the  021 
peak,  the  most  intense  peak  listed  in  JCPDS  cards  for  B13C2,  33-225  and  26-233.  Somewhat 
similarly,  the  observed  intensity  for  the  018  peak  was  quite  high  compared  to  those  seen  in 
coatings  produced  at  higher  temperatures  where  the  018  peak  was  typically  not  seen.  These 
differences  in  the  orientations  of  the  patterns  may  be  attributed  to  the  differences  in  the 
synthesis  temperatures.  As  has  been  previously  noted,  at  lower  temperatures,  the 
morphology  showed  smaller  and  more  numerous  features.  The  increased  number  of 
observable  grains,  each  with  its  own  orientation,  results  in  a  diffraction  pattern  which 
represent  the  orientations  of  all  of  the  many  grains.  Comparing  to  a  sample  with  larger 
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grains,  the  increased  size  of  the  grains  will  have  a  resulting  larger  representation  in  the 
diffraction  pattern  for  the  orientations  of  those  select  grains.  Moreover,  at  1000°C,  the 
possibility  of  having  unusual  orientations  is  increased  by  virtue  of  the  reduced  surface 
mobility  of  the  adsorbed  species.  As  a  result,  the  adsorbed  species  cannot  reorganize 
themselves  into  crystallographically  favorable  locations  prior  to  impingement  by  an  arriving 
species.  Thus,  many  peaks  which  wpuld  traditionally  be  much  lower  in  intensity  can  have 
disproportionate  values  due  to  the  nucleation  of  grains  with  these  unusual  orientations.  To 
summarize  the  somewhat  confusing  issues  involved  here,  the  increased  presence  of 
orientations  seen  at  low  temperatures  which  was  not  seen  at  higher  temperatures  was  due  to 
the  high  number  of  grains  which  have  an  increased  probability  of  nucleating  with  non- 
prevalent  orientations.  At  higher  temperatures,  the  grains  are  much  larger  with  more 
favorable  orientations  due  to  the  increased  ability  to  reorient  themselves  from  their  increased 
surface  mobility. 

The  examination  of  selected  coatings  using  transmission  electron  microscopy  (TEM) 
provided  insight  as  to  the  nature  of  the  deposition  process.  Two  samples  of  boron  carbide 
materials  were  examined.  One  sample  (DB-109)  was  known  to  be  B13C2  prior  to 
examination,  and  the  other  (DB-85)  was  initially  thought  to  be  Bj2(B,Si,C)3  but  was  shown  to 
be  pure  BjjCi  by  TEM.  The  XRD  patterns  for  these  two  samples  are  shown  in  Figure  11. 

The  DB-109  sample  was  deposited  at  1200°C  and  76  torr  with  flows  of  11.6  seem 
BCI3,  46  seem  CH4,  81  seem  Hj,  and  4494  seem  Ar.  The  average  coating  thickness  was 
44.1  /im,  which  corresponded  to  a  deposition  rate  of  12.2x10'^  cm/s.  Uncertainty  in  the 
BCI3  flow  rate  kept  it  from  being  used  in  the  study  of  the  reaction  rate  and  allowed  it  to  be 
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used  for  TEM  examination.  A  micrograph  of  the  coating-substrate  interface  is  shown  in 
Figure  12.  This  figure  shows  the  appearance  of  the  long,  columnar  grains  of  Bi3C2  as  they 
grew  away  from  their  nucleation  site  on  the  graphite  substrate.  The  columnar  growth  started 
very  close  to  the  interface  with  the  substrate.  That  is,  there  was  not  a  wide  nucleation  zone 
at  the  interface.  The  narrow  nucleation  zone  shows  that  there  was  not  a  significant  amount 
of  competitive  growth  between  the  active  sites.  Under  conditions  where  competitive  growth 
was  expected,  such  as  high  nucleation  and  growth  rates,  there  would  be  a  large  number  of 
nuclei  which  would  form  at  the  interface,  but  the  density  of  grains  would  drop  as  the 
deposition  increased  as  the  coating  became  dominated  by  certain  grains.  The  competitive 
growth  process  can  be  visualized  as  occurring  when  two  grains  come  together  and  stop  the 
growth  of  a  grain  between  the  two  by  occupying  the  space  above  the  middle  grain.  The 
middle  grain  cannot  therefore  grow  any  further,  and  it  is  terminated  at  that  point.  An 
explanation  for  the  lack  of  competitive  growth  could  be  that  nucleation  for  all  of  the  grains 
occurred  close  together  and  that  the  growth  rate  for  all  of  these  grains  was  roughly  the  same 
The  growth  front  away  from  the  substrate  would  then  be  roughly  constant  and  would  not 
allow  large  amounts  of  intrusion  of  neighboring  grains  into  each  other.  The  diameter  of  the 
grains  was  on  the  order  of  0.5  to  1.5  ^m  throughout  the  sample.  This  represents  a  fairly 
fine-grained  specimen  and  was  the  smallest  grain  size  of  the  samples  examined. 

Figure  13  shows  a  planar  view  of  the  same  sample  a  distance  away  from  the 
interface,  confirming  the  columnar  structure  of  the  grains,  i.e.,  the  high  length  to  width 
ratio.  However,  this  micrograph  also  indicates  that  the  cross-section  of  the  columnar  grains 
was  rectangular  instead  of  having  a  circular  component.  The  width  of  the  grains  from  this 
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view  is  between  1  and  5  /xm,  showing  that  the  grains  are  growing  competitively  away  from 
the  substrate.  This  was  in  keeping  with  the  features  seen  in  the  surface  morphology,  shown 
in  Figure  14,  where  the  somewhat  rectangular  surface  facets  ranged  between  1  and  20  /im 
across. 

The  grains  in  Figure  12  also  contain  a  feather-like  structure  which  might  imply  a 
helical  type  growth.  In  such  a  mechanism,  growth  would  start  from  a  central  nucleus,  but, 
due  to  interfacial  energy  considerations,  the  reagents  are  more  likely  to  adsorb  and  deposit 
onto  the  nucleus  than  they  are  on  the  substrate.  As  a  result,  deposition  occurs  preferentially 
onto  the  nucleus,  as  opposed  to  the  substrate.  The  outcome  would  be  grains  which  would 
grow  rapidly  due  to  the  preferential  adsorption,  as  opposed  to  nucleating  rapidly  due  to  the 
easy  adsorption  of  species  to  the  surface.  As  growth  occurred,  si)ecies  would  deposit  at  the 
low  energy  sites  at  the  surface,  i.e. ,  a  ledge.  As  the  deposition  occurs,  the  position  of  the 
ledge  moved  about  the  surface  as  material  was  deposited,  often  approximating  a  sweeping 
circular  arm.  This  results  in  a  helical  grain  which  moved  away  from  the  interface.  Such  a 
mechanism  could  result  during  island  growth  but  is  highly  dependent  on  the  intrinsic 
properties  of  the  substrate,  deposit,  and  reagents,  making  it  hard  to  quantify  the  observations. 
However,  the  result  of  depositing  in  an  island  growth  regime  would  be  the  presence  of 
columns  in  the  microstructure. 

The  other  boron  carbide  sample  which  was  examined  was  DB-85,  produced  at 
1200°C,  76  torr,  and  flows  of  7.0  seem  BClj,  5.5  seem  SiC^,  31.5  seem  CH4,  112  seem  Hj, 
and  5000  seem  Ar.  As  was  previously  mentioned,  this  sample  was  thought  to  be  composed 
of  Bi2(B,Si,C)3  based  on  XRD  and  EDS  measurements.  However,  analysis  using  parallel 
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electron  energy  loss  spectroscopy  (PEELS)  failed  to  reveal  the  presence  of  any  Si  in  the 
coating,  and  electron  diffraction  patterns  showed  a  good  match  to  B13C2,  but  the  differences 
between  the  two  patterns,  BuCj  and  B,2(B,Si,C)3,  are  very  slight  and  complete  identification 
using  only  diffraction  would  be  unwise  without  further  confirmation.  In  the  case  of  the  areas 
examined  in  this  TEM  specimen,  no  Si  was  found  in  the  coating,  and  the  deposit  was 
therefore  concluded  to  be  B,3C2  in  the  region  studied.  Figure  15  is  the  image  of  the 
substrate-coating  interface  from  this  sample.  Again,  the  deposit  has  a  columnar  growth 
pattern  which  began  close  to  the  substrate.  Also,  the  nucleation  zone  is  not  very  wide;  a 
phenomenon  observed  previously  in  the  DB-109  sample.  The  grain  size  of  DB-85  was  larger 
than  that  seen  in  DB-109.  The  change  in  grain  size  might  be  accounted  for  by  the  difference 
in  the  BCI3  flow  rate,  7.0  seem  in  DB-85  versus  11.6  seem  in  DB-109.  Under  higher 
supersaturations  of  BCI3,  the  nucleation  rate  should  be  slightly  higher,  resulting  in  a  narrower 
grain  size  at  the  interface  since  there  would  initially  be  more  nuclei  produced.  Thus,  the 
observed  larger  grain  size  could  result  from  fewer  numbers  of  nuclei  being  formed  in  DB-85 
due  to  the  lower  supersaturation. 

A  planar  view  of  DB-85  is  shown  in  Figure  16.  This  grain  seems  to  show  more  of  a 
star-like  quality  to  its  shape  and  ranges  between  6  and  1 1  /xm  across.  The  presence  of  a 
central  point  in  the  grain  argues  for  the  possible  confirmation  of  a  helical  growth  mechanism 
within  a  columnar  grain.  The  electron  diffraction  pattern  for  this  grain  is  also  included  in 
Figure  16.  The  spots  are  indicative  of  a  single  crystal  grain,  as  expected,  but  the  spreading 
of  the  spots  points  to  finite  crystallite  dimensions  in  the  plane  of  view,  i.e.,  within  the  planar 
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image.  The  possibility  then  exists  for  either  columnar  crystallites  or  for  simply  very  small 
crystallites  in  all  directions. 

Deposition  Mechanism 

The  development  of  functional  relationships  between  the  observed  deposition  and  the 
experimental  conditions  is  an  important  step  towards  understanding  and  optimizing  the 
process.  It  was  important  that  the  model  for  deposition  of  B13C2  involve  the  use  of  both  the 
diffusional  and  kinetic  characteristics  of  the  reaction  to  determine  the  intrinsic  reaction 
parameters.  The  principle  response  variable  in  this  type  of  analysis  is  the  deposition  rate, 
determined  from  an  average  of  ten  measurements  made  on  the  cross-sectional  micrograph. 

The  first  step  in  the  reaction  rate  determination  was  to  establish  the  relationship 
between  the  reagent  concentrations  and  the  reaction  rate,  i.e.,  the  order  of  the  reaction  with 
respect  to  the  reagents.  The  reaction  rate  of  BuCj,  Jbi3C2.  in  mole/(cm^»s)  was  calculated  by 
the  following  equation: 


BjjCj 


(7) 


where  rp  was  the  average  deposition  rate  in  cm/s,  Pbi3C2  was  the  density  of  B13C2  (2.49 
g/cm^),  and  MWbi3C2  was  the  molecular  weight  of  B,3C2  (164.552  g/mole). 

The  form  of  the  kinetic  expression  has  been  a  source  of  some  contention,  as  was 
indicated  in  the  Background  section.  To  try  to  establish  the  general  order  of  the  reaction,  the 
conditions  which  were  used  in  the  boron  carbide  deposition  were  input  into  the  statistical 
analysis  program  Minitab  7.2,  along  with  the  observed  deposition  rate  for  the  isothermal 
conditions.  Minitab  was  then  used  in  a  no  constant,  stepwise  regression  mode  using  the 
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main,  quadratic,  and  cross-product  effects.  The  stepwise  regression  procedure  examined 
each  of  the  input  regressors  individually  and  selected  the  regressor  with  the  highest  t-ratio 
over  some  minimum  criterion  and  added  it  to  the  regression  equation.  The  procedure  then 
completed  the  regression  using  the  added  regressors  to  calculate  the  standard  deviation  and 
value.  The  program  then  selected  another  regressor  to  add  to  the  equation  which  would 
minimize  the  standard  deviation  and  maximize  the  value  of  R^.  This  process  continued  until 
no  regressors  could  be  added  whose  t-ratio  was  over  the  minimum  criterion.  For  all 
temperatures,  stepwise  regression  revealed  that  the  significant  regressor  was  the 
concentration  of  BClj.  This  fact  is  important  in  that  no  interactions  were  determined  to  be 
significant,  such  as  a  BCl3*CH4  interaction  which  would  point  to  a  surface  reaction  between 
the  adsorbed  BCI3  and  CH4.  Also,  the  missing  presence  of  a  CH4  main  or  quadratic  effect 
indicates  that  it  might  be  omitted  in  the  kinetic  expression. 

From  this  analysis,  it  was  therefore  assumed  that  the  deposition  of  B,3C2  could  be 
accurately  described  as  first  order  with  respect  to  the  BCI3  concentration,  such  that  the 
following  expression  could  be  used  to  describe  the  deposition: 


BjjCj 


(8) 


where  Jbi3C2  was  the  reaction  rate  of  BJ3C2  in  mole/(cm^»s),  kancj  was  the  rate  constant  of 
B,3C2  in  cm/s,  [BCI3]’  was  the  concentration  of  BCI3  on  the  surface,  R  was  the  gas  constant, 
and  T  was  the  absolute  temperature. 

Under  steady  state  conditions,  the  net  rate  of  production  of  B13C2  should  be  equal  to 
the  net  rate  of  mass  transfer  across  the  boundary  layer.  The  rate  of  mass  transfer  across  the 
concentration  boundary  layer  can  be  approximated  by  the  expression, 
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where  Dbcd  was  the  binary  diffusion  coefficient  of  BClj  in  Ar  in  cm^/s,  Sbcb  was  the 
concentration  boundary  layer  thickness  of  BCI3  in  cm,  and  [BCy**  was  the  concentration  of 
BCI3  in  the  bulk  gas  phase.  The  calculation  of  the  diffusion  coefficient  and  the  boundary 
layer  thickness  of  BCI3  has  been  outlined  elsewhere,^^  Solving  Equation  8  for  [BCI3]’  and 
substituting  into  Equation  9  under  the  assumption  of  steady  state,  i.e.,  JBi3a=JBci3>  tiie 
resulting  expression  for  Jbi3C2  which  now  accounts  for  both  the  kinetic  and  mass  transfer 
effects  of  the  deposition  reaction  is  described  by: 
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Van  den  Brekel”  and  later  Jensen”  described  the  ( 1/1^1302)  term  as  the  kinetic  resistance  to 
reaction  and  the  (6/D)bci3  term  as  the  mass  transfer  resistance  to  deposition.  In  other  words, 
as  long  as  the  kinetic  rate  constant  is  small  compared  to  the  mass  transfer  rate,  such  as  would 
be  expected  in  a  kinetic-controlled  regime,  the  (l/kBi3C2)  term  will  dominate  the  denominator 
of  Equation  10,  and  the  overall  equation  can  be  approximated  by  a  kinetic  expression,  such 
as: 
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However,  as  the  kinetic  term  begins  to  rise  and  approaches  the  mass  transfer  term,  the 
denominator  of  Equation  10  results  from  the  summation  of  the  two  effects.  This  situation 
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would  occur  as  the  reaction  moves  from  a  kinetic  to  a  mass  transfer  limited  regime.  Finally, 
as  the  kinetic  constant  becomes  much  higher  than  the  mass  transfer,  the  denominator  would 
be  controlled  by  the  mass  transfer  term,  and  Equation  10  could  be  approximated  by: 

V.  -  <f  )*c%  w 

The  use  of  Equation  10  is  then  an  important  method  to  illustrate  how  one  process  may 
become  rate  limiting  and  may  be  used  to  estimate  the  temperature  and  flow  conditions  at 
which  the  reaction  would  transition  from  a  kinetic  to  a  mass  transfer  limitation. 

The  validity  of  the  overall  reaction  expression  was  checked  by  plotting  the  reaction 
rate  versus  the  inlet  BClj  concentration  for  all  temperatures.  These  graphs  are  shown  in 
Figures  17  to  19  for  1000,  1200,  and  1400°C,  respectively.  The  linear  relationship  between 
the  reaction  rate  and  [BClj]®  does  not,  however,  determine  whether  mass  transfer  or  kinetics 
was  controlling  the  deposition.  There  are  two  ways  in  which  the  regime  may  be  ascertained: 
altering  the  total  flow  through  the  reactor  and  changing  the  system  temperature.  Increasing 
the  total  flow  through  the  system  would  test  for  the  mass  transfer  limitation  since  an  increase 
in  the  total  flow  would  result  in  the  thinning  of  the  boundary  layer,  thereby  increasing  the 
flux  to  the  substrate.  If  the  reaction  was  limits  by  this  flux  to  the  surface,  i.e.,  mass 
transfer  controlled,  the  observed  deposition  rate  should  increasej  if  the  reaction  was  limited 
by  the  kinetics  of  the  surface  reaction,  there  should  be  no  change  in  the  observed  deposition 
rate.  An  increase  in  the  system  temperature  would  be  observed  in  the  kinetic  rate  constant, 
as  the  rate  constant  is  defined  from  the  traditional  Arrhenius  relation  where. 
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where  k°Bi3C2  is  the  frequency  factor  in  cm/s  and  E,  is  the  activation  energy  in  kJ/mole.  An 
estimation  of  can  be  made  from  a  plot  of  the  natural  logarithm  of  versus  the 

inverse  absolute  temperature.  The  intercept  of  the  regressed  line  is  then  the  estimate  of  the 
frequency  factor,  k°Bi3C2.  and  the  slope  is  an  estimate  of  -E,/R. 

The  Arrhenius  plot  of  InCBuCj)  versus  1/T  is  included  in  Figure  20.  The  result  of  the 
regressed  line  estimates  the  intercept  of  the  line  to  be  9.287  with  a  standard  deviation  of 
0.178  and  the  slope  to  be  -11197  with  a  standard  deviation  of  339.2.  Regression  produced 
an  R^  value  of  96.1%,  adjusting  R^  for  the  number  of  degrees  of  freedom  reduced  it  slightly 
to  96.0%.  The  F  statistic,  used  to  determine  the  significance  of  regression,  was  1089.6, 
making  the  probability  of  a  Type  I  error,  i.e.,  P(accept  H,,  |  H^),  less  than  0.0(X)1.  Based  on 
this  computation  the  value  of  the  activation  energy  would  be  93.1  kJ/mole  (22.2  kcal/mole) 
with  a  standard  deviation  of  2.8  kJ/mole  (0.7  kcal/mole).  The  form  of  the  kinetic  constant 
as  a  function  of  temperature  is  then  given  by: 


=  10792 ^ 
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where  R  is  the  gas  constant  in  kJ/(mole*K)  and  T  is  the  absolute  temperature. 

A  comparison  of  the  value  of  the  activation  energy  for  this  system  to  other  published 
values  is  hard  since  there  have  been  so  few  values  which  have  been  reported.  The  only 
reported  value  came  from  Lartigue  et  al.^  at  approximately  90  kcal/mole.  Obviously  this 
number  is  significantly  higher,  by  a  factor  of  about  4  than  the  current  reported  value.  There 
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are  some  substantial  differences  between  the  results  which  were  reported  by  that  group  and 
this  study.  Most  importantly,  they  found  that  they  were  in  a  kinetic  regime  at  temperatures 
below  950°C  and  transitioned  to  a  mass  transfer  regime  at  higher  temperatures.  Whereas, 
this  study  operated  at  the  range  of  1000  to  1400“C  and  found  no  evidence  of  mass  transfer 
under  regular  conditions,  although  the  high  dilutions  of  active  reagents  might  have  k^t  the 
reaction  within  a  kinetic  regime.  Moreover,  Lartigue  et  al.  indicated  that,  because  of  the 
determined  activation  energy,  CH4  had  to  be  a  predominant  step  towards  deposition  with  an 
order  of  one.  Based  on  the  findings  within  this  study,  the  effect  of  CH4  was  insignificant  to 
the  deposition  within  this  temperature  range.  Thus,  a  fair  comparison  between  the  two  is 
difficult,  at  best,  and  does  not  provide  an  accurate  check  for  the  validity  of  the  results  found 
in  this  system. 

The  determination  of  the  simple  kinetic  relationship  between  the  BCI3  concentration 
and  the  reaction  rate  allows  for  some  speculation  on  the  possible  surface  mechanisms.  The 
first  order  relationship  with  respect  to  the  surface  concentration  would  indicate  that  the  rate 
limiting  step  to  deposition  may  be  either  the  adsorption  of  BCI3  onto  empty  surface  sites  or  a 

surface  reaction  between  the  two  adsorbed  species. 

One  of  the  possible  ways  to  check  for  an  adsoiption  mechanism  involves  working 
with  different  substrate  materials.  Since  adsorption  is  a  strong  function  of  the  intrinsic 
material  properties,  i.e.,  surface  free  energy  considerations,  working  with  a  different 
substance  should  result  in  a  different  deposition  rate.  Because  graphite  is  traditionally  a 
weak  adsorber,  i.e.,  species  do  not  readily  adsorb  onto  graphite,  the  use  of  another  substrate 
should  increase  the  deposition  rate.  The  use  of  titanium  substrates  was  attempted  in  three 
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experiments.  However,  this  type  of  metal  had  significant  problems  with  the  formation  of  a 
barrier  layer  between  the  substrate  and  the  coating,  most  likely  due  to  the  high  diffusivity  of 
Ti  in  boron  carbide,  or  possibly  of  B  into  Ti.  The  interdiffusion  between  the  substrate  and 
coating  made  measurements  of  the  coating  thickness  complicated.  Since  Ti  is  a  heavy 
element,  especially  compared  to  B  and  C,  its  presence  in  the  coating  was  quite  obvious.  The 
extent  to  which  the  Ti  interacted  with  the  coating  kept  those  runs  from  being  considered 
since  the  density  differences  between  B,3C2  and  the  Ti-B  compounds  are  significant,  making 
any  measurement  of  the  deposition  rate  uncertain  without  taking  into  account  the  amount  of 
the  Ti-B  phases.  The  possibility  of  other  substrate  materials  was  considered,  but  problems 
with  thermal  expansion  mismatch  with  the  very  brittle  coating  and  the  risk  of  similar 
boundary  layer  problems  deterred  their  use. 

However,  it  was  possible  to  make  a  statement  regarding  the  adsorption  of  BCI3  based 
on  the  TEM  micrographs  which  were  taken  of  the  nucleation  zone.  Based  on  some  of  the 
observations  regarding  the  morphology  and  microstructure  of  B]3C2,  it  was  possible  to 
hypothesize  that  the  adsorption  of  BCI3  was  extremely  significant  to  the  deposition  of  B,3C2. 
This  statement  is  possible  based  on  the  observed  columnar  growth  away  from  the  nucleation 
site,  theorized  to  be  an  island  growth  mechanism.  The  important  point  to  the  island  growth 
theory  is  disaffinity  which  the  reagents  have  with  the  substrate  surface,  as  evidenced  by  the 
long  thin  grains  exemplified  in  Figure  12.  If  the  adsorption  of  BCI3  is  slow  onto  the  graphite 
surface  compared  to  that  of  BJ3C2,  then  it  becomes  possible  that  its  adsorption  could  be  a  rate 
limiting  step.  While  this  was  not  conclusive  evidence  for  a  surface  adsorption  mechanism 
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and  the  idea  of  a  surface  reaction  has  not  been  discounted  at  all,  it  did  establish  the 
possibility  for  adsorption-limitations. 

The  ability  to  move  into  a  region  controlled  by  diffusion  was  attempted  by  operating 
the  reactor  at  higher  pressures.  Increasing  the  system  pressure  has  the  effect  of  decreasing 
the  diffusion  coefficient  within  the  pseudobinary  mixture,  since  the  diffusion  coefficient  is 
related  to  the  inverse  system  pressure.  By  raising  the  pressure,  the  diffusion  coefficient 
should  decrease,  and,  depending  on  the  kinetics  at  the  operating  conditions,  the  reaction  may 
transition  into  a  mass  transfer  control  regime.  Four  runs  were  done  at  700,  500,  300,  and 
76  torr  (DB-368  to  DB-370  and  DB-207)  to  attempt  to  examine  the  pressure  effect.  If  the 
reaction  is  still  in  a  kinetic  regime  at  this  point,  then  the  ratio  of  the  reaction  rate  to  the  BCI3 
bulk  concentration  should  be  a  constant  since  the  kinetic  rate  constant  is  only  a  function  of 
the  system  temjjerature.  However,  examining  this  ratio  showed  that  it  moved  from  2.273  to 
2.407  to  3.750  to  5.397,  as  the  pressure  decreased  from  700  to  76  torr.  A  plot  of  these 
values  versus  the  system  pressure  is  included  in  Figure  21.  The  trend  in  these  values 
indicated  that  mass  transfer  was  not  negligible.  Also  in  this  figure  are  the  calculated  values 
of  the  kinetic  rate  constant  and  the  mass  transfer  constant,  along  with  the  unified  rate 
constant,  based  on  Equation  10.  There  does  appear  to  be  some  mismatch  between  the 
unified  kinetic-mass  transfer  line  and  the  observed  data.  However,  the  two  lines  do  have  the 
same  form,  i.e.,  initially  dropping  sharply  before  approaching  some  constant  value  at  high 
pressures.  The  observed  difference  may  be  attributed  to  several  factors  in  the  calculation  of 
the  diffusion  coefficient.  Primarily,  there  could  be  some  error  tied  to  the  use  of  the 
Chapman-Enskog  coefficient  to  determine  the  diffusion  coefficient  for  the  given  gas  mixture; 
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also,  there  could  be  some  uncertainty  to  the  exact  physicochemical  properties  of  the  reagent 
species.  The  ability  to  account  for  the  transition  from  a  kinetic  to  a  mass  transfer  limited 
regime  was,  however,  made  possible  by  the  use  of  the  Chapman-Enskog  equation. 

As  has  been  previously  mentioned,  the  estimation  of  the  diffusion  coefficient  by  the 
Slattery-Bird  equation  was  used  to  check  against  errors  in  the  Chapman-Enskog  equation. 
However,  values  of  the  diffusion  coe/ficient  and  the  resulting  mass  transfer  coefficient  were 
consistently  five  times  higher  in  the  Slattery-Bird  coefficient  than  in  the  Chapman-Enskog 
coefficient.  While  this  is  unimportant  in  a  kinetic  controlled  regime,  it  becomes  a  more 
serious  problem  as  the  observed  deposition  begins  to  move  into  an  apparent  mass  transfer 
regime.  That  is  to  say  that  within  the  example  of  variation  in  the  system  pressure  just 
covered  the  unified  kinetic-mass  transfer  coefficient  is  still  dominated  by  the  kinetic 
contribution  at  700  torr,  i.e.  91%  kinetic,  using  the  Slattery-Bird  coefficient  versus  a  65% 
kinetic  response  using  the  Chapman-Enskog  equation.  Thus,  the  Chapman-Enskog  is  better 
able  to  approximate  the  observed  data,  and  its  use  was  favored  over  the  Slattery-Bird 
equation. 

Conclusions 

The  work  contained  within  this  paper  revealed  that  the  deposition  of  B13C2  was 
possible  from  low  pressure  mixtures  of  BCl3-CH4-H2-Ar  in  the  temperature  range  of  1000  to 
1400°C.  These  coatings  were  examined  using  XRD,  SEM,  and  TEM.  From  these 
observations,  the  surface  morphology  was  fond  to  be  comprised  of  well  defined  facets  whose 
size  increased  with  deposition  thickness  and  deposition  rate.  This  indicated  the  presence  of  a 
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highly  competitive  growth  mechanism  following  nucleation.  TEM  of  the  coating-substrate 
interface  showed  a  narrow  nucleation  zone  which  pointed  to  a  large  difference  between  the 
nucleation  rate  and  the  growth  rate.  In  this  case  (i.e.,  onto  ATJ  graphite  substrates),  the 
growth  rate  was  high  when  compared  to  the  nucleation  rate,  resulting  in  the  columnar  grains 
observed  through  the  material. 

The  deposition  mechanism  was  found  to  be  accurately  described  by  a  first  order 
mechanism,  with  respect  to  the  BCI3  bulk  gas  phase  concentration.  Within  the  range  studied, 
the  reaction  was  found  to  be  kinetically  controlled  with  an  activation  energy  of  93.1  kJ/mole 
and  a  frequency  factor  of  10792  cm/sec.  The  interaction  with  the  substrate  was  examined  to 
investigate  the  nature  of  the  limiting  step  to  deposition.  Several  other  substrates  were  used, 
but  problems  with  the  thermal  expansion  differences  (especially  with  AI2O3)  and  with  bamer 
layers  (especially  with  Ti)  prevented  their  continued  use.  Finally,  the  reaction  rate  was 
monitored  as  a  function  of  the  system  pressure.  As  the  pressure  increased  towards 
atmospheric,  the  rate  was  found  to  begin  to  transition  to  a  mass  transfer  limited  regime. 
Calculation  of  the  overall  mass  transfer  coefficient  was  best  estimated  using  the  Chapman- 
Enskog  diffusion  coefficient  as  opposed  to  using  the  Slattery-Bird  diffusion  equation,  which 
yielded  values  that  were  too  high. 
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Transmission  electron  micrograph  of  B^Cj  (DB-109)  shows  long  columnar 
grains  which  are  about  0.5  to  1.5  ^m  across. 

The  TEM  micrograph  for  the  planar  view  of  Sample  DB-109  (seen  in  Figure 
1 1)  displays  the  rectangular  shape  of  the  BJ3C2  grains. 

The  morphology  of  Sample  DB-109  from  an  SEM  micrograph  shows  features 
on  the  order  of  size  seen  in  the  TEM  planar  view. 

The  TEM  micrograph  of  Sample  DB-85  at  the  interface  between  the  substrate 
and  the  coatings  shows  wider  columnar  grains  than  in  Sample  DB-109  (Figure 
11). 

The  TEM  micrograph  of  Sample  DB-85  displays  the  star-like  quality  of  the 
grains. 

The  reaction  rate  versus  BCI3  bulk  concentration  at  1000°C  verifies  a  first 
order  relationship  between  the  two  quantities. 

The  reaction  rate  versus  BCI3  bulk  concentration  at  1200°C  verifies  a  first 
order  relationship  between  the  two  quantities. 

The  reaction  rate  versus  BCI3  bulk  concentration  at  1400°C  verifies  a  first 
order  relationship  between  the  two  quantities. 

The  Arrhenius  plot  for  BijCj  deposition  at  three  temperatures  shows  that 
deposition  is  limited  by  the  kinetics  of  the  reaction  instead  of  by  the  mass 
transfer  to  the  substrate. 

Increasing  the  system  pressure  at  1200°C  caused  the  B13C2  deposition  to 
transition  from  a  heavily  kinetic  regime  into  a  mixed  kinetic-mass  transfer 
limited  regime. 
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Figure  1 .  A  vertical  hot  wall  reactor  was  used  to  deposit  coatings 
using  the  BCl3-CH4-H2-Ar  system. 
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Figure  3.  Cross-section  (a)  and  surface  morphology  (b)  of  ^ron  carbide 
film  deposited  on  graphite  at  1000®C  and  a  deposition  rate  of 
3.722x10-’  cm/s  (DB-231)  . 


Figure  4.  Cross-section  (a)  and  surface  morphology  (b)  of  boron  carbide 
film  deposited  on  graphite  at  1000®C  and  a  deposition  rate  of 
5.339x10*’  cm/s  (DB-228)  . 


Figure  5.  Cross-section  (a)  and  surface  morphology  (b)  of  boron  carbide 
film  deposited  on  graphite  at  1200°C  and  a  deposition  rate  of 
6.379X10'’  cm/s  (DB-140)  . 


Fieure  6.  Cross-section  (a)  and  surface  morphology  (b)  of  boron  carbide 
film  deposited  on  graphite  at  1200 ®C  and  a  deposition  rate  of 
9.112x10'^  cm/s  (DB-142)  . 


Figure  7.  Cross-section  (a)  and  surface  morphology  (b)  of  boron 
film  deposited  on  graphite  at  1200®C  and  a  deposition 
21.63x10'’  cm/s  (DB-208)  . 


Figure  8.  Cross-section  (a)  and  surface  morphology  (b)  of  boron  carbide 
film  deposited  on  graphite  at  1400®C  and  a  deposition  rate  of 
11.62xl0-‘’  cm/s  {DB-153)  . 


Figure  9.  Cross-section  (a)  and  surface  morphology  (b)  of  boron  carbide 
film  deposited  on  graphite  at  1400®C  and  a  deposition  rate  of 
23.19x10-’  cm/s  (DB-219)  . 


Figure  10.  Cross-section  (a)  and  surface  morphology  (b)  of  boron  carbide 
film  deposited  on  graphite  at  1400®C  and  a  deposition  rate  of 
37.19x10-’  cm/s  (DB-216)  . 


Transmission  electron  micrograph  of  Bj^^C2 
(DB-109)  shows  long  columnar  grains  which 
are  about  0.5  to  1.5  jum  across. 
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Fiffure  13  The  TEM  micrograph  for  the  planar  view  of 
^  ’  Sample  DB-109  (seen  in  Figure  5-19) 

displays  the  rectangular  shape  of  the  B13C2 


grains. 


Figure  14.  The  morphology  of  Sample  DB-109  from  an  SEM  micrograph  shows 
features  on  the  order  of  size  seen  in  the  TEM  planar  view. 
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The  reaction  rate  versus  BCI3  bulk 
concentration  at  1200 *C  verifies  a  first 
order  relationship  between  the  two 
quantities. 
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The  reaction  rate  versus  BCI3  bulk 
concentration  at  1400 “C  verifies  a 
order  relationship  between  the  two 
quantities. 


first 


1000°C 


The  Arrhenius  plot  for  BJ3C2  deposition  at 
three  temperatures  shows  that  deposition  is 
limited  by  the  kinetics  of  the  reaction 
instead  of  by  the  mass  transfer  to  the 
substrate. 


Figure  20. 


System  Pressure  (Torr) 


Increasing  the  system  pressure  at  1200®C 
causes  the  8,302  deposition  to  transition 
from  a  heavily  kinetic  regime  into  a  mixed 
kinetic-mass  transfer  limited  regime. 


Figure  21. 


Table  1.  Conditions  for  the  deposition  of  boron  carbide  at  lOOO'C.  The  units  for  time, 
pressure,  and  all  flows  are  minutes,  torr,  and  seem,  respectively. 


Table  2.  Conditions  for  the  deposition  of  boron  carbide  at  1200®C.  The  units  for  time, 
pressure,  and  flow  rates  are  minutes,  torr,  and  seem,  respectively. 


DB 

Time 

P 

BCI3 

CH4 

H2 

At 

59 

60 

76 

10.0 

20.0 

109 

4494 

61 

60 

76 

9.0 

6.0 

123 

4494 

64 

60 

76 

8.8 

2.2 

128 

4494 

140 

60 

76 

‘ia.3 

25.9 

124 

4840 

141 

60 

76 

10.3 

20.7 

124 

4844 

142 

60 

76 

10.3 

10.3 

124 

4855 

144 

60 

76 

10.3* 

15.5 

124 

4850 

203 

45 

76 

10.3 

20.7 

224 

4745 

206 

45 

76 

10.3 

20.7 

324 

4645 

207 

45 

76 

20.3 

20.7 

124 

4835 

208 

52 

76 

35.3 

20.7 

124 

4820 

209 

45 

76 

25.3 

20.7 

124 

4830 

368 

30 

700 

20.0 

20.0 

160 

4800 

369 

30 

500 

20.0 

20.0 

160 

4800 

370 

45 

300 

20.0 

20.0 

160 

4800 

Table  3.  Conditions  for  the  deposition  of  boron  carbide  at  1400°C.  The  units  for  time, 
pressure,  and  flow  rates  are  minutes,  torr,  and  seem,  respectively. 


DB 

Time 

P 

BCI3 

CH4 

At 

62 

45 

76 

9.0 

6.0 

123 

4494 

77 

45 

76 

8.8 

2.2 

128 

4494 

136 

45 

76 

10.3 

15.5 

124 

4850 

137 

45 

76 

10.3 

10.3 

124 

4855 

138 

45 

76 

10.3 

20.7 

124 

4844 

145 

45 

76 

10.3 

10.3 

134 

4846 

146 

45 

76 

10.3 

15.3 

124 

4850 

147 

45 

76 

10.3 

20.3 

114 

4856 

149 

45 

76 

10.3 

6.9 

140 

4843 

150 

45 

76 

10.3 

6.9 

160 

4823 

151 

45 

76 

10.3 

6.9 

100 

4883 

152 

45 

76 

10.3 

6.9 

200 

4783 

153 

45 

76 

10.3 

6.9 

200 

4783 

212 

30 

76 

10.3 

10.7 

124 

4855 

214 

30 

76 

20.3 

20.7 

124 

4835 

216 

34 

76 

30.3 

20.7 

124 

4825 

218 

30 

76 

35.3 

20.7 

124 

4820 

219 

30 

76 

20.3 

20.7 

100 

4859 

220 

30 

76 

20.3 

20.7 

200 

4759 

221 

35 

76 

20.3 

20.7 

300 

4659 

222 

30 

76 

20.3 

20.7 

400 

4559 

232 

30 

76 

20.3 

20.7 

250 

4709 

Table  4.  Results  for  the  deposition  of  BijCj  at  10(X)“C.  The  diffusion  coefficient  from  the 
Chapman-Enskog  equation,  Dbcd,  was  1.92  cmVs,  and  the  diffusion  coefficient  from  the 
Slattery-Bird  treatment,  D’bcb,  was  24.11  cmVs. 


DB 

Run 

No. 

Dep. 

Thick. 

(/xm) 

Dep. 

Rate 

(xlO’) 

(cm/s) 

5bcI3 

(xlO^) 

(cm) 

5’bcI3 

(xlO^) 

(cm) 

(0/5)803 

(cm/s) 

(D/5)’bci3 

(cm/s) 

58 

BJ3C2 

12.66 

2.344 

1.630 

3.853 

117.7 

625.9 

66 

B13C2 

11.94 

2.211 

2.256 

5.335 

85.02 

452.0 

116 

B13C2 

12.19 

2.257 

2.187 

5.170 

87.74 

466.4 

225 

7.12 

3.956 

2.105 

4.977 

91.14 

484.5 

226 

B13C2 

15.25 

4.236 

2.105 

4.977 

91.14 

484.5 

227 

B13C2 

14.43 

4.008 

2.102 

4.970 

91.27 

485.2 

228 

B13C2 

19.22 

5.339 

2.100 

4.966 

91.34 

485.6 

229 

B13C2 

17.01 

4.724 

2.101 

4.968 

91.31 

485.4 

230 

B13C2 

14.42 

4.005 

2.102 

4.970 

91.27 

485.2 

231 

B13C2 

13.40 

3.722 

2.103 

4.972 

91.24 

485.0 

233 

B13C2 

7.59 

2.109 

2.104 

4.975 

91.17 

484.7 

234 

B13C2 

9.71 

2.696 

2.104 

4.975 

91.17 

484.7 

Table  5.  Results  for  the  deposition  of  B,3C2  at  1200°C.  The  diffusion  coefficient  from  the 
Chapman-Enskog  equation,  D^,  was  2.45  cmVs,  and  the  diffusion  coefficient  from  the 
Slattery-Bird  treatment,  D’bcd,  was  31.46  cmVs. 


DB 

Run 

No. 

Phase  . 

Dep. 

Thick. 

(jim) 

Dep. 

Rate 

(xlO’) 

(cm/s) 

Ilf 

6’bcd 

(xKP) 

(cm) 

(D/8)bcI3 

(cm/s) 

(D/6)’bcd 

(cm/s) 

59 

B13C2 

22.93 

6.369 

2.319 

5.524 

105.7 

569.6 

61 

B13C2 

17.91 

4.974 

1.720 

4.096 

142.5 

768.1 

64 

B13C2 

35.94 

9.981 

2.296 

5.468 

106.7 

575.4 

140 

B13C2 

22.97 

6.379 

2.210 

5.262 

110.9 

597.9 

141 

B13C2 

28.13 

7.812 

2.210 

5.263 

110.9 

597.8 

142 

B13C2 

32.81 

9.112 

2.210 

5.262 

110.9 

597.9 

144 

B13C2 

30.00 

8.331 

2.210 

5.262 

110.9 

597.9 

203 

B13C2 

18.72 

6.931 

2.213 

5.270 

110.7 

597.0 

206 

B13C2 

19.20 

7.109 

2.216 

5.277 

110.6 

596.2 

207 

B13C2 

24.09 

8.919 

2.208 

5.258 

111.0 

598.4 

208 

B13C2 

67.50 

21.63 

2.205 

5.253 

111.1 

599.0 

209 

B13C2 

34.95 

12.94 

2.207 

5.257 

111.0 

598.5 

368 

B13C2 

82.44 

45.79 

2.637 

6.281 

10.09 

54.39 

369 

B13C2 

62.33 

34.62 

2.637 

6.281 

14.13 

76.13 

370 

B13C2 

87.41 

32.37 

2.637 

6.281 

23.55 

126.9 

Table  6.  Results  for  the  deposition  of  BuCz  at  1400“C.  The  diffusion  coefficient  from  the 
Chapman-Enskog  equation,  Dbcb>  was  3.03  cm^/s,  and  the  diffusion  coefficient  from  the 
Slattery-Bird  treatment,  D’bcd.  was  39.68  cmVs. 


DB 

Phase 

Dep. 

Thick. 

Qtm) 

Dep. 

Rate 

(xlO’) 

(cm/s) 

^BCD 

(xlO^) 

(cm) 

(xlO^) 

(cm) 

(D/^)bcd 

(cm/s) 

(D/5)’bcd 

(cm/s) 

62 

B13C2 

27.18 

10.06 

2.721 

6.523 

111.4 

608.4 

77 

B13C2 

31.88 

11.81 

2.395 

5.742 

126.6 

691.1 

136 

B13C2 

41.25 

15.27 

2.305 

5.526 

131.5 

718.1 

137 

B13C2 

38.24 

14.16 

2.305 

5.526 

131.5 

718.1 

138 

B13C2 

33.75 

12.50 

2.305 

5.527 

131.5 

718.0 

145 

B13C2 

37.50 

13.89 

2.305 

5.527 

131.5 

718.0 

146 

BJ3C2 

32.81 

12.15 

2.305 

5.526 

131.5 

718.1 

147 

B13C2 

34.69 

12.85 

2.304 

5.525 

131.6 

718.2 

149 

B13C2 

37.50 

13.89 

2.305 

5.527 

131.5 

718.0 

150 

B13C2 

35.63 

13.19 

2.306 

5.529 

131.5 

717.7 

151 

B13C2 

33.75 

12.50 

2.304 

5.524 

131.6 

718.4 

152 

B13C2 

28.13 

10.42 

2.307 

5.532 

131.4 

717.3 

153 

B13C2 

31.39 

11.62 

2.307 

5.532 

131.4 

717.3 

212 

B13C2 

22.15 

12.30 

2.305 

5.526 

131.5 

718.1 

214 

B13C2 

45.42 

25.23 

2.303 

5.522 

131.7 

718.6 

216 

B13C2 

75.89 

37.19 

2.301 

5.518 

131.8 

719.2 

218 

B13C2 

78.02 

43.33 

2.300 

5.516 

131.8 

719.4 

219 

B13C2 

41.74 

23.19 

2.302 

5.520 

131.7 

718.9 

220 

B13C2 

51.82 

28.78 

2.306 

5.528 

131.5 

717.9 

221 

B13C2 

57.79 

27.51 

2.309 

5.536 

131.3 

716.8 

222 

BJ3C2 

44.32 

24.62 

2.312 

5.544 

131.1 

715.8 

232 

B13C2 

49.35 

27.41 

2.307 

5.532 

131.4 

717.3 

Table  7.  The  relative  intensities,  given  in  %,  of  the  observed  peaks  from  the  x-ray  diffraction  of  BijCa  samples  in  the 
range  of  20  to  75°  20. 
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Kinetics  of  the  CVD  of  SiC  in  a  Hot  Wall  Reactor 
using  a  Modified  Impinging  Jet  Geometry 

Thomas  S.  Moss*”  and  W.  Jack  Lackey,*  Georgia  Institute  of  Technology,  Atlanta,  GA 
30332-0826 

Abstract 

The  deposition  of  SiC  has  accomplished  for  both  the  direct  reaction  of  mixtures  of 
SiCl4  and  CH4  and  the  decomposition  of  MTS  in  a  vertical,  hot  wall  reactor  using  a  modified 
impinging  jet  geometry.  However,  significant  deposition  was  not  seen  from  the  SiC]4-CH4 
reaction  at  temperatures  below  1400°C,  and  the  use  of  MTS  was  preferred  because  of  the 
lower  deposition  temperatures.  The  morphology  of  the  deposition  produced  from  MTS  was 
typified  by  its  smooth,  platy  structure  at  low  temperatures  which  became  rougher  at  higher 
temperatures.  The  MTS  deposition  behavior  was  found  to  be  kinetically  controlled  and  was 
described  by  a  first  order  model.  The  activation  energy  was  estimated  to  be  302.929 
kJ/mole,  and  the  frequency  factor  was  1.374x10”.  A  comparison  to  the  estimated  mass 
transfer  limit  showed  that  the  deposition  rate  was  still  within  a  kinetic  regime  in  the 

temperature  range  studied  but  was  approaching  a  mass  transfer  limitation  at  temperatures 
over  HOO^C. 

CVD,  SiC,  Kinetics,  Microstructure,  Coating 
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introduction 


Because  of  its  importance  as  both  a  structural  and  electrical  material,  the  production 
of  silicon  carbide  (SiC)  has  been  explored  by  a  variety  of  methods.  One  of  the  best  suited 
techniques  for  preparation  of  high  quality  SiC  is  chemical  vapor  deposition  (CVD).  The  high 
purity  and  low  porosity  of  the  coatings,  as  well  as  low  deposition  temperatures,  make  CVD 
an  ideal  technique  for  the  synthesis  of  SiC.  However,  there  has  been  a  lack  of  continuity 
among  many  of  the  reported  results.  The  research  completed  for  this  paper  uses  a  modified 
impinging  jet  geometry  to  allow  for  more  accurate  analysis  by  simplifying  the  mass  transfer 
to  the  substrate  surface.  By  using  this  simple  geometry,  a  better  estimation  of  the  intrinsic 
reaction  data  should  be  possible. 

Two  reactions  were  studied  using  a  hot  wall  reactor.  The  first  involved  the  direct 
reaction  of  silicon  tetrachloride,  SiCl,,  and  methane,  CH4,  as  follows: 

SiCl,is)^CH^{g)-SiC{s)*AHCl(s) 

The  second  and  preferred  method  was  by  the  decomposition  of  methyltrichlorosilane  or 
MTS,  CHjSiCla,  in  the  presence  of  hydrogen,  Hj,  by  the  reaction: 

CH^SiCl^is)  -  SiC{s)  +  3HC/(g)  (2) 

Both  reactions  were  done  in  a  hot  wall  reactor  in  the  temperature  range  of  1000  to  1400°C  at 
a  system  pressure  of  76  torr. 
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Background 


Silicon  carbide  is  an  extremely  stable  refractory  material  with  a  melting  temperature 
of  2250 "C.  Its  inertness  to  chemical  attack,  especially  by  Oj  at  high  temperatures,  combined 
with  its  high  strength,  toughness,  and  resistance  to  wear,  lend  it  to  a  variety  of  unique 
applications  in  very  harsh  environments.  High  thermal  conductivity  and  controllable 
electrical  properties  also  contribute  to  the  exceptional  physical  qualities  that  make  it  a  useful 
material.  The  structure  of  SiC  prepared  by  CVD  is  typically  the  cubic  jS-SiC  phase  with  a 
small  second  phase  of  an  a-SiC  polytype.  The  fraction  of  the  a-SiC  second  phase  increases 
with  decreasing  deposition  temperature.*’^ 

The  CVD  of  SiC  has  been  successfully  accomplished  using  a  variety  of  precursors. 
Bring  and  Fielding^  described  the  process  first  in  1909  as  the  reaction  of  C^Hj  and  SiCl,  in 
the  presence  of  hydrogen  between  1700  and  2000°C.  Other  reagents  that  have  been  used 
have  typically  involved  a  silicon  halide  and  a  hydrocarbon.*  Also,  the  production  of  SiC 
coatings  has  been  accomplished  through  the  reaction  of  a  Si-based  gas  with  a  graphite 
substrate,  as  well  as  by  the  reaction  of  a  hydrocarbon  gas  with  a  silicon  substrate."*’^  More 
recently,  volatile  silane  precursors,  usually  organometallic  reagents,  have  been  used  to 
produce  films.  This  group  of  chemicals  is  usually  of  the  form  (CH3),^SiCl4.x.  Reactions 
using  this  class  of  chemical  involve  the  thermal  pyrolysis  of  the  gas  in  the  presence  of  excess 
hydrogen.  It  has  been  shown  that  MTS,  CHjSiCla,  is  the  easiest  precursor  with  which  to 
deposit  stoichiometric  SiC  because  of  the  1:1  Si  to  C  ratio  in  the  parent  molecule.  Once  the 
Si:C  ratio  deviates  from  unity  in  the  reagent  gas  supply,  the  gas  must  be  closely  monitored 
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and  controlled  to  guard  against  excess  Si  or  C,  which  could  deposit  and  diminish  the 
desirable  properties. ‘ 

The  deposition  parameters,  such  as  temperature,  pressure,  and  Hj/MTS  ratio  have 
great  control  over  the  morphology  of  the  coating.^-*  The  morphology  is  strongly  related  to 
the  nucleation  processes  which  occur.^  While  there  are  some  system  to  system  variations,  it 
is  clear  that  increasing  the  temperature  moves  the  coating  from  smooth  to  faceted  structures. 
Lower  pressures  and  higher  H^/MTS  ratios  also  produce  more  faceted  structures  in  the 

coatings. 

The  stoichiometry  of  the  deposit  is  also  altered  by  the  same  parameters  which  control 
morphology.  Composition  is  apparently  controlled  by  the  carbon  and  silicon  atom  flux  to  the 
substrate.*  By  manipulating  the  temperature,  pressure,  and  reagent  ratio,  the  amount  of 
available  Si  or  C  from  the  decomposition  of  the  MTS  can  be  changed.  A  carbon-rich 
composite  is  favored  by  low  H^/MTS  ratios,  low  deposition  pressures,  and  high 
temperatures.  The  Si  rich  region  occurs  at  low  temperatures,  high  pressures,  and  high 

H2/MTS  ratios. 

The  generalities  of  the  kinetics  of  the  CVD  of  SiC  from  MTS,  as  understood  prior  to 
1980,  have  been  summarized  by  Schlichting'-^  and  show  that  deposition  is  a  linear  function  of 
time,  with  deviations  occurring  at  high  temperatures  and  long  deposition  times.  Further, 
coating  rate  is  characterized  as  a  linear  function  of  the  MTS  partial  pressure,  i.e.,  first  order, 
but  is  also  a  square  root  function  of  the  velocity  of  the  reagent  gas  flow.  The  temperature 
dependence  of  deposition  shows  behavior  which  is  typical  for  a  pyrolysis  mechanism  with  the 
deposition  rate  passing  through  a  maximum  as  the  deposition  temperature  is  increased.  The 
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temperature  at  which  the  maximum  deposition  occurs  can  be  altered  by  the  Si/C  and  H/Cl 
ratios  in  the  reagent  stream  and  the  velocity  of  the  gas  stream. 

The  review  of  the  calculated  activation  energy  which  is  associated  with  the  deposition 
of  Sic  from  MTS  varied  widely. Recent  research  by  Gao  and  Lin  has  been  able  to 
adequately  model  SiC  deposition  from  MTS,  H2,  and  Ar  in  a  hot  wall,  cylindrical  reactor  at 
atmospheric  pressure.  They  were  able  to  arrive  at  a  solution  by  solving  the  continuity 
equations  using  a  first  order  kinetic  expression  with  an  activation  energy  of  254  kJ/mole.’ 

However,  the  modeling  of  Besmann  et  al.*  of  SiC  deposition  onto  Nicalon  fibers  in  a 
low  pressure,  hot  wall  furnace  have  indicated  that  the  deposition  rate  is  not  a  simple  first 
order  reaction  but  rather  a  series  of  competing  forward  and  reverse  reactions.  The  proposed 
kinetic  expression  had  the  form: 


V- 


(3) 


where  Crq  and  Cp^  are  the  concentrations  of  MTS  and  HCl  that  are  introduced  into  the 
reactor,  S  is  the  surface  area  of  the  hot  surfaces  upstream  from  the  sample,  is  the  molar 
volume  of  SiC,  V,  is  the  volumetric  flow  rate  of  MTS  that  is  introduced  into  the  reactor,  and 
T,  and  T  are  the  ambient  and  reactor  temperatures,  respectively.  Two  different  mechanisms 
were  proposed  that  could  occur  based  on  whether  the  MTS  molecule  could  dissociate  into 
separate  silicon  and  carbon  containing  fragments  or  not.  Further,  their  work  also 
demonstrated  the  effect  which  hydrochloric  acid  (HCl)  had  on  reducing  the  deposition  rate, 
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and  they  developed  a  kinetic  model  which  included  a  simple  etch  mechanism  to  describe  the 
significant  HCl  effect. 

Allendorf  and  Outka’  have  confirmed  the  etching  ability  of  HCI  by  studying  the 
reactivity  of  HCl  and  MTS  with  the  surface  of  /S-SiC.  They  have  shown  that  HCl  is 
adsorbed  by  SiC  to  produce  a  stable  silicon  chloride  that  can  inhibit  the  further  growth  of 
SiC.  The  chlorine  on  the  surface  then  desorbs  as  either  HCl  or  silicon  tetrachloride  (SiCl,), 
the  later  resulting  in  etching  of  the  SiC  by  HCl.  Also,  they  showed  that  MTS  is 
dissociatively  adsorbed  in  a  method  similar  to  HCl,  but  the  removal  of  the  adsorbed  Cl  is 
difficult  since  the  rate  of  desorption  is  limited  by  the  breaking  of  the  surface  Si-Cl  bond. 

The  dissociation  energy  of  this  bond  was  found  to  be  118  kcal/mole,  much  higher  than  any 
other  bond  in  the  system.  This  type  of  behavior  would  suggest  that  the  removal  of  the 
surface  chlorine  is  rate  limiting. 

Somewhat  similarly,  Papasouliotis  and  Sotirchos’®  proposed  a  model  for  deposition 
which  involved  a  series  of  fourteen  reversible  surface  reactions,  resulting  in  a  total  of 
twenty-eight  reaction  constants.  The  equilibrium  constants  of  the  adsorption  reactions  were 
treated  as  parameters  in  the  model,  while  other  reaction  constants  where  calculated  from 
available  thermodynamic  data.  This  approach  also  allowed  for  the  inhibition  of  deposition  by 
reaction  byproducts,  especially  the  etching  mechanism  of  SiC  by  HCl. 

Tsai  et  al."  modeled  the  deposition  process  with  three  reaction  steps.  The  first  step 
was  the  decomposition  of  MTS  in  the  gas  phase  to  produce  silicon-  and  carbon-containing 
intermediate  species.  These  intermediates  then  adsorb  onto  the  surface  of  the  growing  film 
and  undergo  a  reaction  to  produce  SiC.  A  fit  of  their  experimental  data  using  a  finite 
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element  analysis  to  consider  both  the  kinetic  and  diffusional  components  yielded  a  promising 
result,  with  a  better  fit  of  the  data  than  the  traditional  first  order  model. 

The  uncertainty  regarding  a  usable  kinetic  expression  has  led  So  et  al.‘^  to  conclude 
that  the  reaction  order  shifts  from  first  order  with  respect  to  MTS  to  a  zero  order  reaction  as 
the  MTS  concentration  is  increased  beyond  2%.  Alam  and  Puneet”  had  success  in 
simulating  SiC  deposition  onto  a  monofilament  in  a  hot  wall  reactor  using  a  model  which 
sought  to  approximate  the  shifting  order  by  using  a  half  order  model  with  respect  to  the  MTS 
concentration.  Chu  and  Hon’"*  also  used  a  half  order  reaction  with  respect  to  the  MTS  partial 
pressure  but  multiplied  it  by  the  total  flow  rate  of  reagent  to  examine  the  deposition  from  a 
cold  wall  reactor.  They  further  learned  that  the  addition  of  Hj  enhanced  the  thermal 
decomposition  of  MTS  and  increased  the  deposition  rate  of  SiC. 

The  bulk  of  the  literature  regarding  the  deposition  of  SiC  from  MTS  has  focused  on 
the  kinetics  of  the  reaction.  There  have  been  two  groups,  however,  which  sought  to  explain 
the  deposition  behavior  from  mass  transfer  effects. 

Minato  and  Fukuda'*  examined  the  deposition  reaction  of  SiC  from  MTS  onto 
pyrolytic  carbon  coated  nuclear  fuel  particles  within  a  fluidized-bed  reactor.  Their 
experiments  were  done  at  atmospheric  pressure  and  in  the  temperature  range  of  1150  to 
1700°C,  with  most  of  the  runs  between  1400  and  1700®C.  Gas  flows  were  composed  of 
(0  to  7000  seem),  Ar  (0  to  1750  seem),  and  MTS,  where  the  (H2+Ar)/MTS  ratio  was  varied 
from  around  250  to  1000.  From  this  work,  they  concluded  that  the  reaction  was  limited  by 
the  flux  of  the  active  reagent  across  the  boundary  layer.  They  estimated  the  diffusion 
coefficient  and  the  boundary  layer  thickness  from  basic  equations  and  applied  the  results  to 
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explain  the  observed  deposition  behavior.  This  mass  transfer  model  explained  the  data  fairly 
well,  with  some  deviations  seen  at  lower  temperatures.  The  low  temperature  deviation  could 
be  accounted  for  by  a  change  to  a  kinetic  limited  reaction.  The  temperature  at  which  the 
limiting  regime  changed  could  be  seen  to  vary  as  a  function  of  the  flow  rate  through  the 
reactor.  From  the  graphs  which  were  presented  in  their  papers,  the  transition  temperature 
appeared  to  be  lower  under  higher  total  flow  conditions,  although  this  point  was  not 
concluded. 

Loumagne  et  al.’*,  in  the  process  of  investigating  the  kinetics  of  deposition  of  SiC, 
found  the  transition  from  a  kinetic  to  a  mass  transfer  regime.  They  deposited  SiC  onto 
graphite  substrates  located  within  the  reactor  on  a  microbalance.  Growth  rates  were 
determined  from  the  change  in  the  weight  of  the  substrate  during  the  experiment.  At  a 
system  pressure  of  0.1  atm  and  for  temperatures  greater  than  950  C,  the  deposition  process 
was  not  thermally  activated,  meaning  that  diffusion  to  the  substrate  controlled  the  kinetics. 
Decreasing  the  pressure  to  0.01  atm  increased  the  transition  temperature  to  a  value  out  of  the 
range  of  study,  i.e.,  greater  than  1050°C.  In  their  study  of  the  kinetic  regime,  they  found 
two  distinct  temperature  regions.  At  around  850°C,  the  deposition  was  limited  by  the 
decomposition  of  MTS  in  the  gas  phase.  The  activation  energy  was  estimated  to  be  higher 
than  300  kJ/mole,  and  the  apparent  reaction  order  was  2.5  with  respect  to  the  MTS 
concentration.  At  a  slightly  higher  temperature  of  around  925®C,  the  reaction  appeared  to  be 
limited  by  surface  reactions  with  an  activation  energy  of  only  160  kJ/mole  and  an 
undetermined  negative  reaction  order  with  respect  to  the  HCl  concentration. 
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Procedure 


A  schematic  of  the  equipment  used  for  SiC  deposition  is  shown  in  Figure  1  and 
described  in  greater  detail  elsewhere.*’  For  Hj  and  Ar,  flow  rates  were  controlled  by  MKS 
mass  flow  meters.  However,  the  liquid  source  reagents  (MTS  and  SiCl4)  were  delivered  by 
bubbling  known  flow  rates  of  H2  through  the  liquids;  the  saturated  vapor  was  then  directed 
into  the  furnace.  The  weight  loss  of  the  bubbler  was  measured  following  each  experiment  to 
check  against  the  calculated  flow  based  on  complete  saturation.  Within  the  furnace,  the 
temperature  in  the  hot  zone  was  monitored  using  an  Ircon  optical  pyrometer  and  a  type  K 
thermocouple.  The  pressure  was  measured  using  a  Baratron  pressure  transducer.  ATJ 
Graphite  was  selected  as  the  substrate  due  to  the  desire  to  apply  this  technology  to  carbon- 
carbon  composites.  The  conditions  which  were  used  for  deposition  are  included  in  Table  I 
for  the  SiCl4+CH4  system  and  Table  11  for  the  MTS  system. 

The  location  of  the  substrate  within  the  deposition  reactor  can  be  an  important 
parameter.  In  typical  CVD  reactors  the  substrate  is  positioned  within  the  gas  stream  by 
suspending  it  or  by  fixing  its  position  with  a  sample  holder.  A  problem  that  develops  with 
this  type  of  geometry  is  the  formation  of  a  non-linear  boundary  layer  over  the  surface. 
Further,  reagent  depletion  can  occur  along  the  length  of  the  substrate.  These  are  two 
complex  problems  which  do  not  lend  themselves  well  for  accurate  modeling.  However,  they 
may  be  overcome  by  changing  to  the  modified  impinging  jet  geometry.  Within  the  modified 
impinging  jet  geometry,  it  has  been  previously  shown  that  radial  diffusion  is  eliminated 
within  the  stagnation  region  which  develops  just  over  the  substrate  surface.*®  This  simplifies 
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the  mass  transfer  to  a  one  dimensional  problem  across  the  concentration  boundary  layer. 

The  equations  necessary  to  estimate  the  overall  mass  transfer  are  presented  elsewhere. 

Samples  were  characterized  using  x-ray  diffraction  POID),  and  scanning  electron 
microscopy  (SEM)  of  the  cross-section  and  surface  morphology.  For  XRD  and  subsequent 
characterization,  the  stagnation  region  was  isolated  from  the  surrounding  area  using  a  series 
of  fractures  initiated  from  the  backside  of  the  sample.  XRD  patterns  were  taken  using  a 
Phillips  1800  automatic  powder  diffractometer,  using  copper  K„  radiation  at  40  kV  and  30 
mA.  Scans  were  taken  in  a  range  of  20.0  to  75.O°20  and  a  counting  time  of  1.0  second  per 
step. 

Cross-sectional  micrographs  were  taken  using  a  fractured  surface  produced  by 
breaking  the  sample  in  half  across  the  stagnation  region.  One  of  these  halves  was  mounted 
and  examined  in  the  SEM.  These  micrographs  allow  for  the  determination  of  an  average 
growth  rate  of  the  coating.  Micrographs  were  taken  using  Hitachi  4100  and  Hitachi  S-800 
microscope;  both  microscopes  were  operated  at  5  kV.  Coating  thickness  measurements  were 
taken  directly  from  the  micrographs  using  digital  calipers.  Ten  measurements  were  taken 
from  each  micrograph,  and  an  average  thickness  was  calculated,  along  with  the  standard 
deviation  of  the  measurements. 

Morphological  micrographs  were  taken  by  mounting  the  sample  so  that  the  surface  of 
the  coated  sample  was  observed.  These  pictures  provide  an  indication  of  the  surface 
morphology.  Micrographs  were  taken  at  a  magnification  of  lOOOx  for  all  samples. 


10 


Results  and  Discussion 


Reagent  Selection 

Initially,  the  deposition  of  SiC  was  attempted  using  the  direct  reaction  of  SiCl,  and 
CH4.  This  reaction  was  seen  as  desirable  because  it  allowed  for  wider  control  of  the 
stoichiometry  of  the  deposit,  i.e.,  silicon-rich  or  carbon-rich,  for  application  as  an  oxidation 
protective  compound.  Experiments  were  initially  done  in  the  single  phase  system  to 
determine  the  feasibility  of  the  reaction.  A  summary  of  the  results  is  included  in  Table  HI 
for  deposition  temperatures  of  1000,  1200,  and  1400®C,  respectively.  These  tables  include 
the  deposited  phase(s),  average  coating  thickness,  and  the  average  deposition  rate  for  the 
conditions  listed  in  Table  I.  These  tables  show  that  no  distinguishable  coatings  were 
deposited  at  1000°C  and  that  only  thin  (1  to  10  /zm)  coatings  were  obtained  at  1200°C. 
Deposition  was  improved  at  1400°C  where  deposits  of  up  to  17  /im  were  observed,  but 
deposition  rates  were  still  fairly  low,  with  the  highest  rate  being  9.4x10^’  cm/s.  However, 
since  the  deposition  of  SiC  at  temperatures  as  low  as  1000®C  was  desired  for  the  future  study 
of  dispersed  phase  composites  and  since  higher  deposition  efficiencies  were  desirable,  a 
better  reagent  choice  was  pursued. 

The  deposition  of  SiC  from  MTS  was  considered  to  be  an  excellent  source  for 
stoichiometric  SiC  because  of  its  one-to-one  Si  to  C  ratio  in  the  parent  molecule.’  It  also 
simplified  the  modeling  of  the  deposition  since  only  a  single  reagent  flow  needed  to  be 
controlled.  Further,  MTS  has  been  used  to  deposit  SiC  at  temperatures  below  1000°C.^ 
Although  the  use  of  MTS  has  been  well-explored,  there  still  remains  some  disagreement 
regarding  the  mechanism  of  deposition.  It  was  thus  hoped  that  its  use  in  a  reactor  with 
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simple  geometric  considerations  would  enable  a  better  understanding  of  the  intrinsic  reaction 
mechanisms. 

The  results  of  the  MTS  experiments  are  summarized  in  Table  II  for  the  conditions 
which  appeared  in  Table  IV.  Table  IV  includes  not  only  the  deposit  thickness  and  deposition 
rate  but  also  the  mass  transfer  data  based  on  calculations  outlined  elsewhere.’’  Diffusion 
coefficients  and  the  resulting  concentration  boundary  layer  thicknesses  were  calculated  using 
both  the  Chapman-Enskog  and  Slattery-Bird  diffusion  equations.  The  diffusion  resistances, 

were  calculated  based  on  these  estimated  values. 

Deposition  rates  were  very  high  during  the  study  of  MTS,  especially  compared  to 
those  from  SiCl4+CH4,  with  MTS  rates  approaching  values  as  high  as  ISSxKI’  cm/s  at 
1400°C  (DB-254).  There  were  large  increases  in  the  growth  rates  seen  from  increasing 
temperatures,  as  would  be  expected  from  a  kinetically  limited  reaction.  Importantly,  it  was 
possible  to  deposit  SiC  at  1000°C,  although  the  coatings  were  quite  thin,  between  0  and  0.5 
^m  in  the  range  studied.  Based  on  the  ability  to  deposit  at  lOOO'C  and  the  increased 
deposition  rates  at  higher  temperatures,  MTS  was  selected  for  more  complete  study  and  for 
use  as  the  SiC  source  for  composite  deposition. 

Morphology  and  Microstructure 

There  were  nine  representative  samples  which  were  selected  for  discussion  here. 

These  samples  were  prepared  at  three  temperatures  (1000,  1200,  and  HOO^C)  and  at  three 
growth  rates  (low,  intermediate,  and  high);  representative  micrographs  are  presented  in 
Figures  2  to  5. 
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Deposition  thicknesses  were  measured  from  the  cross-sectional  fracture  surfaces. 
Fractures  were,  for  the  most  part,  very  clean,  as  would  be  expected  for  the  britUe  SiC,  and 
enabled  the  coating  to  be  examined  without  polishing.  All  of  the  samples  appear  to  be  very 
dense  with  no  visible  porosity,  from  the  thinnest  sample  (DB-250)  which  was  0.2  urn  thick  to 
the  thickest  in  Figure  5  (DB-254)  at  412  fim.  The  lack  of  apparent  porosity  in  the  deposits  is 
indicative  of  a  total  heterogeneous  nucleation  and  growth  mechanism. 

The  morphological  variations  which  were  observed  do  follow  some  interesting  trends. 
In  general  at  1000° C,  the  morphology  was  platy  or  flake-like  in  the  thinner  coatings 
produced.  The  plates  were  fairly  layered  and  were  located  parallel  to  the  substrate  surface. 
The  coating  seemed  to  mimic  the  substrate  surface  below  it,  traditionally  a  sign  of  a  kinetic 
regime  although  the  thin  nature  of  the  coating  made  such  observations  difficult  to  support. 

Moving  to  1200°C  (Figures  2  and  3),  the  coating  takes  a  slightly  different 
appearance.  At  the  lowest  deposition  rate  and  thickness  (DB-182),  the  coating  looks  as  if  the 
plates  are  oriented  such  that  their  thin  dimension  was  parallel  to  the  substrate  surface,  i.e. , 
plates  stacked  on  their  edges.  At  higher  growth  rates  and  thicknesses,  the  morphology 
changed  to  smoother  and  more  rounded  features.  At  the  highest  deposition  rate,  the  features 
became  smaller  and  more  numerous.  This  change  would  be  expected  from  conditions  which 
lead  towards  higher  nucleation  rates,  i.e.,  higher  supersaturations.  Because  of  the  seeming 
lack  of  competitive  growth,  this  would  suggest  that  the  nucleation  rate  of  SiC  was  quite  high 
compared  to  the  growth  rate.  The  SiC  could  nucleate  rapidly,  and  while  the  grains  were 
growing  it  was  possible  for  additional  nuclei  to  form  on  the  growing  surface.  The  end  result 
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is  that  the  features  were  much  smaller  since  nucleation  took  place  quickly  before  competitive 
growth  can  occur. 

At  1400°C,  in  Figures  4  and  5,  the  low  deposition  rate  and  thickness  was  again  much 
different  from  that  seen  at  the  higher  thicknesses.  The  morphology  of  the  thin  sample  was 
smooth  and  had  a  platy  and  layered  appearance.  The  surface  was  generaUy  featureless, 
especially  when  compared  to  that  for  the  high  thicknesses.  Those  done  at  higher 
supersaturations  had  well  defined  surface  features  in  the  shapes  of  square  columns.  As  was 
observed  at  1200°C,  at  the  lower  thickness  and  growth  rate,  the  features  were  larger  and  less 
numerous,  and  at  the  higher  thicknesses  and  growth  rates,  the  features  were  smaller  and 
more  numerous.  The  explanation  of  this  trend  is  much  the  same  as  was  described  for  the 
nOO'C  results.  At  the  higher  supersaturation,  the  nucleation  rate  was  high  compared  to  the 
growth  rate,  and  extensive  competitive  growth  could  not  occur  prior  to  renucleation  of  new 
grains.  This  type  of  mechanism  resulted  in  the  fine  grain  size  which  was  observable  on  the 

surface. 

The  XRD  of  SiC  samples  showed  that  the  deposits  were  primarily  composed  of 
SiC,  as  identified  by  JCPDS  Card  29-1129.  This  phase  had  a  zinc  blend  structure  and,  only 
four  peaks  were  located  within  the  diffraction  range  examined,  due  to  the  high  symmetry  of 
the  structure.  Two  of  these  peaks  overlapped  with  the  graphite  substrate,  so  identification  of 
/3-SiC  in  thinly  coated  samples  had  to  be  done  using  the  other  two  peaks:  the  111  peak  at 
35.60  °26,  which  was  the  100%  peak,  and  the  311  peak  at  59.99  °2d.  In  samples  that  had 
thicknesses  of  40  (im  or  more,  the  XRD  pattern  had  evidence  of  a  slight  amount  of  an  a-SiC 
phase.  The  o-SiC  polytype  was  not  able  to  be  identified  since  there  was  only  a  single  non- 
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overlapped  peak  which  was  present.  In  the  thinner  coatings,  it  was  unclear  if  the  a-SiC  was 
present  since  if  it  was  present  the  quantity  was  so  small  that  its  peaks  were  simply  not 
intense  enough  to  be  distinguishable.  Without  such  clarification,  the  appearance  of  the  a-SiC 
could  also  be  attributable  to  the  effect  of  a  higher  deposition  rate  or  higher  temperature, 
resulting  in  the  inclusion  of  the  a  polytype. 

The  XRD  peak  intensities  for  the  samples  shown  in  Figures  2  to  5  are  listed  in 
Table  V.  It  was  possible  to  see  some  trends  in  the  patterns.  At  the  lower  temperatures  of 
1000  and  1200°C,  the  coatings  have  a  111  orientation,  which  is  the  100%  peak  in  the 
powder  diffraction  card.  Further,  as  the  temperature  was  increased  from  1000  to  1200®C, 
the  deposit  approached  more  of  a  single  crystal  111  orientation.  In  fact,  as  the  deposition 
rate  and  thickness  were  increased  (DB-182  to  DB-245  to  DB-243),  the  other  peak  intensities 
drop  to  1  %  and  below.  This  trend  would  indicate  that  at  1200°C  the  vast  majority  of  the 
grains  which  were  in  a  diffraction  condition  had  a  111  orientation.  There  were  some  grains 
which  did  have  other  growth  orientations,  but  they  were  either  very  small  or  very  rare  in  the 
deposit.  The  samples  produced  at  1000°C  were  very  thin,  and  the  peaks  heights  were  low 
relative  to  the  graphitic  substrate  peaks.  This  resulted  in  the  200  and  the  220  being  not 
discemable  from  the  100  and  103  graphite  peaks. 

At  1400°C,  the  orientation  of  the  deposition  changes  dramatically,  with  the  220  peak 
becoming  the  most  intense  in  the  patterns  as  the  deposition  thickness  and  growth  rate 
increase.  The  patterns  moved  away  from  the  single  crystal  type  orientations  and  became 
much  more  polycrystalline,  as  evidenced  by  the  high  relative  intensities  of  the  other  peaks  in 
the  pattern  which  were  previously  less  significant.  This  change  might  result  from  the  coating 
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transitioning  to  a  single  crystal  220  orientation  which  could  occur  at  a  higher  temperature 
and/or  deposition  rate  than  the  range  studied.  This  possibility  was  evidenced  by  the  trend 
which  exists  towards  a  more  intense  220  peak  relative  to  the  other  peaks.  Another 
explanation  of  the  orientational  change  might  be  in  the  increase  in  the  nucleation  rate  due  to 
increased  temperature. 

Deposition  Mechanism 

The  use  of  a  unified  model  involving  both  diffusional  and  kinetic  aspects  of  the 
deposition  reaction  was  used  to  determine  the  intrinsic  reaction  parameters.  The  traditional 
measured  variable  for  CVD  systems  is  the  deposition  or  growth  rate  of  the  deposit  which  was 
estimated  from  the  average  film  thickness  divided  by  the  total  deposition  time.  The  growth 
rate  needed  to  be  converted  into  a  reaction  rate  which  could  then  be  correlated  to  the  reagent 
concentrations  and  experimental  conditions.  The  reaction  rate  of  SiC,  Jsic,  in  mole/(cm^*s) 
was  calculated  by  the  following  equation: 


/siC  ■ 


PsiC 


(4) 


where  rp  was  the  average  deposition  rate  in  cm/s,  Pac  was  the  density  of  SiC  (3.21  g/cm^), 
and  MWsic  was  the  molecular  weight  of  SiC  (40.096  g/mole). 

The  form  of  the  kinetic  expression  for  the  deposition  of  SiC  has  been  studied  by  many 
groups.  Based  on  previous  research,'-^’’  it  was  assumed  that  the  reaction  for  the  deposition 
of  SiC  could  be  accurately  described  by  a  first  order  surface  kinetic  expression.  This 
equation  had  the  form: 
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(5) 


where  ksjc  was  the  kinetic  rate  constant  in  cm/s,  [MTS]*  and  were  the  MTS  surface 
concentration  and  partial  pressure,  respectively,  R  was  the  gas  constant,  and  T  was  the 
absolute  temperature.  The  mass  transfer  of  the  active  reagent  to  the  substrate  surface  was 
approximated  by: 


Jun  '  (|W«W7S]‘>-[MS]0  (6) 

where  D^ts  was  the  diffusion  coefficient  of  MTS  in  cm^/s,  5„rs  was  the  concentration 
boundary  layer  thickness  in  cm,  and  [MTS]°  and  P°mts  were  the  bulk  concentration  and 
partial  pressure  of  MTS,  respectively. 

Under  the  assumption  of  a  steady  state  reaction,  Equation  4  may  be  substituted  into 
Equation  5  and  simplified  to  a  unified  equation.  This  unified  model  is  given  by  the  equation: 
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where  the  l/kac  was  the  kinetic  resistance  and  5mts/Dmts  was  the  diffusion  resistance.  Either 
kinetics  or  diffusion  may  limit  the  reaction  and  Equation  6  may  be  approximated  by: 

4c  -  (8) 

for  conditions  where  kinetics  limit  the  reaction.  When  the  mass  transfer  of  MTS  limits  the 
reaction.  Equation  6  can  be  described  by  the  following: 
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(9) 


4c  -  {f  WIW7S]” 

For  conditions  where  the  reaction  transitions  from  a  kinetic  controlled  to  mass  transfer 
limited  regime,  Equation  6  remains  valid  to  describe  the  deposition.  The  validity  of  the 
overall  reaction  expression  in  Equation  6  was  checked  by  plotting  the  reaction  rate  versus  the 
inlet  MTS  concentration  for  the  three  temperatures  studied.  These  plots  are  shown  in 
Figures  6  to  8  for  1000,  1200,  and  1400“C,  respectively.  The  trend  of  the  data  generally 
shows  a  first  order  relationship  between  the  reaction  rate  and  the  bulk  MTS  concentration,  as 
proposed. 

The  easiest  way  to  distinguish  between  the  two  limitation  regimes  is  by  the 
manipulation  of  the  temperature.  If  the  coating  reaction  was  limited  by  a  surface  kinetic 
reaction,  the  change  in  the  rate  constant  should  be  a  strong  function  of  temperature  and  can 
be  described  by  an  Arrhenius  equation,  such  that: 


h  -  p 

'^SiC  ~  ^SiC^ 


(10) 


where  k°sic  was  the  frequency  factor  in  cm/s  and  E.  was  the  activation  energy  in  kJ/mole. 
Since  low  pressures  were  used,  mass  transport  was  expected  to  be  quite  high,  and  a 


kinetic  limited  regime  was  checked  first.  The  Arrhenius  plot  of  the  data  is  presented  in 
Figure  9.  The  least  squares  fit  of  the  data  is  also  shown.  It  has  a  slope  of  -36436  and  an 
intercept  of  25.65.  The  value  of  the  coefficient  of  determination,  was  95.03%,  which 
reduced  to  94.72%  when  adjusted  for  the  degrees  of  freedom.  The  F-statistic  for  the 
regression  was  306.21,  making  the  probability  of  a  Type  I  error  on  the  significance  of  the 
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slope  below  0.0001.  The  t-ratio  on  the  slope  was  -17.50,  meaning  that  the  standard 
deviation  of  the  slope  was  small  compared  to  the  estimate  of  the  slope.  The  estimate  on  the 
slope  then  was  related  to  the  activation  energy  of  the  kinetic  surface  reaction  at  302.929 
kJ/mole  (72.353  kcal/mole)  with  a  standard  deviation  of  17.311  kJ/mole  (4,135  kcal/mole). 
The  estimate  of  the  frequency  factor  based  on  the  intercept  was  1.374x10"  cm/s.  The  form 
of  the  kinetic  rate  constant  as  a  function  of  temperature  was  given  by: 

(-30^) 

=  1.374x70"e  ^ 

A  comparison  of  this  estimate  to  the  published  activation  energies  shows  that  the 
estimate  for  this  reaction  is  on  the  high  side  of  previous  values,  especially  compared  to  the 
recent  work  of  Besmann  et  al.®  However,  this  value  matches  fairly  closely  to  the  work  of 
Gao  and  Lin’  who  used  an  activation  energy  of  254  kJ/mole  in  their  kinetic  expression.  This 
is  important  since  they  were  using  a  similar  arrangement,  in  terms  of  a  cylindrical  hot  wall 
reactor.  A  possible  reason  for  the  other  lower  apparent  activation  energies  which  have  been 
previously  observed  could  be  the  use  of  conditions  which  might  favor  mass  transport 
regimes,  such  as  high  system  pressures  and  temperatures,  low  total  flow  rates,  and  cold  wall 
reactors.  Without  taking  the  mass  transport  into  account,  a  fit  of  the  data  could  result  in 
lower  observable  slopes  in  the  Arrhenius  plots  due  to  the  reduced  sensitivity  of  the  diffusion 
coefficient  to  temperature. 

A  comparison  between  mass  transport  and  kinetics  is  shown  in  Figure  10  which  plots 
the  natural  logarithm  of  the  observed  rate  constant  data  along  with  the  fitted  kinetic  constant 
and  the  estimated  mass  transport  coefficient  as  a  function  of  the  inverse  system  temperature. 


The  Chapman-Enskog  diffusion  equation  was  used  to  determine  the  mass  transfer  coefficient. 
Taking  the  estimated  mass  transfer  effects  into  account,  it  can  be  seen  that  the  reaction 
should  stay  within  a  kinetic  regime  for  all  temperatures  investigated  as  long  as  the  pressure 
and  total  flow  rates  are  not  altered.  As  can  be  seen  from  this  graph,  the  observed  rate 
constants  increase  rapidly  with  temperature,  as  would  be  expected  for  a  kinetic  system. 
However,  the  mass  transport  response  still  remains  over  twice  the  kinetic  response,  even  at 
the  highest  temperature.  It  would  be  anticipated  that  at  a  slightly  higher  temperature  (within 
200‘’C)  that  the  reaction  would  begin  to  become  limited  by  the  diffusion  of  reagents  to  the 
substrate.  Within  the  temperature  range  studied  though,  the  reaction  is  limited  by  the 
kinetics  of  a  surface  reaction. 

Under  the  conditions  which  were  used  in  this  study,  it  was  not  possible  to  check  the 
validity  of  the  mass  transport  estimations  in  the  system.  Thus,  no  determination  was  made 
of  which  diffusion  coefficient  was  more  appropriate,  either  the  Chapman-Enskog  or  the 
Slattery-Bird  treatments.'"'  However,  the  difference  in  the  mass  transfer  coefficients  from  the 
two  methods  is  quite  large  in  that  use  of  the  Slattery-Bird  coefficients  resulted  in  mass 
transfer  coefficients  which  were  over  three  times  those  of  the  Chapman-Enskog  equation. 

The  more  correct  usage  should  then  be  distinguishable  under  conditions  which  would  lead  to 
mass  transfer  limitations. 

Conclusions 

The  deposition  of  SiC  has  been  shown  feasible  for  both  the  direct  reaction  of  mixtures 
of  SiCl4  and  CH4  and  from  the  decomposition  of  MTS.  However,  appreciable  amounts  of 
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Sic  were  not  seen  from  the  SiCl4-CH4  reaction  at  temperatures  below  1400°C,  and  the  use  of 
MTS  was  preferred  because  of  its  reduction  in  the  minimum  deposition  temperature  to  as  low 
as  1000°C.  The  moiphology  of  the  deposition  produced  from  MTS  was  typified  by  its 
smooth,  platy  structure  at  low  temperatures  which  became  rougher  at  higher  temperatures. 

The  deposition  mechanism  was  found  to  be  in  a  kinetic  regime  and  was  accurately  described 
by  a  first  order  model  with  respect  to  the  bulk  gas  phase  concentration  of  MTS.  The 
activation  energy  was  estimated  to  be  302.929  kJ/mole,  and  the  frequency  factor  was 
1.374x10”.  A  comparison  to  the  estimated  mass  transfer  limit  showed  that  the  deposition 
rate  was  still  within  a  kinetic  regime  in  the  temperature  range  studied  but  was  approaching  a 
mass  transfer  limitation  at  temperatures  over  1400°C. 
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LIST  OF  HGURES 


Figure  1.  A  vertical  hot  wall  reactor  was  used  to  deposit  SiC  coatings. 

Figure  2.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite 
at  1200®C  at  a  high  deposition  rate  of  4.86xl&’  cm/s  (DB-182). 

Figure  3.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite 
at  1200®C  at  a  high  deposition  rate  of  24.92xl(f’  cm/s  (DB-243). 

Figure  4.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite 
at  1400°C  at  an  intermediate  deposition  rate  of  68.91xl0’’  cm/s  (DB-241). 

Figure  5.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite 
at  1400®C  at  a  high  deposition  rate  of  152.7x10'’  cm/s  (DB-254). 

Figure  6.  The  reaction  rate  versus  the  MTS  concentration  at  1000°C  verifies  a  first 
order  relationship. 

Figure  7.  The  reaction  rate  versus  the  MTS  concentration  at  1200®C  verifies  a  first 
order  relationship. 

Figure  8.  The  reaction  rate  versus  the  MTS  concentration  at  1400  °C  verifies  a  first 
order  relationship. 

Figure  9.  The  Arrhenius  plot  for  SiC  deposition  at  1000,  1200,  and  1400°C  is  fit  by  a 
regressed  line  with  a  slope  of  -36436  and  an  intercept  of  25.646  with  an  R’  of 
95.0%,  indicating  that  the  reaction  is  controlled  by  the  kinetics. 
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Figure  10.  A  comparison  of  the  observed  data  to  the  fitted  kinetic  rate  constant  and  the 
estimated  mass  transfer  coefficient  shows  that  the  reaction  approaches  the 
estimated  mass  transfer  limit  as  the  temperature  increases. 
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Figure  1 .  A  verticle  hot  wall  reactor  was  used  to  deposit  SiC  coatings. 


Figure  2.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite  at  nOO^C  at  a  high  deposition  rate 
of  4.86x10"^  cm/s  (DB-I82), 


Figure  3.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite  at  I2C)0°C  at  a  high  deposition  rate 
of  24.92x10-’  cm/s  (DB-243). 


Figure  4.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite  at  1400°C  at  an  intermediate 
deposition  rate  of  68.91x10^’  cm/s  (DB-241). 


Figure  5.  Cross-section  (a)  and  surface  morphology  (b)  of  SiC  film  deposited  on  graphite  at  1400°C  at  a  high  deposition  rate 
of  152.7x10-^  cm/s  (DB-254). 
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The  Arrhenius  plot  for  SiC  deposition  at  1000,  1200,  and  1400°C  is  fit  by^a 
regressed  line  with  a  slope  of  -36436  and  an  intercept  of  25.646  with  an  R"  of 
95.0%,  indicating  that  the  reaction  is  controlled  by  the  kinetics. 
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Figure  10.  A  comparison  of  the  observed  data  to  the  fitted  kinetic  rate  constant  and  the 
estimated  mass  transfer  coefficient  shows  that  the  reaction  approaches  the 
estimated  mass  transfer  limit  as  the  temperature  increases. 


Table  I.  Conditions  for  the  deposition  of  SiC  from  SiCl4+CH4+H2+Ar  at  the  indicated 
temperatures. 


Run  No. 

Time 

Pressure 

Flow  Rate  (seem) 

DB- 

(min) 

(torr) 

SiCl4 

CH4 

H2 

Ar 

Temperature  =  1C 

K)0°C 

70 

90 

76 

7.4 

118 

73 

120 

76 

7.0 

126 

76 

120 

76 

7.8 

109 

4527 

163 

75 

76 

124.3 

BEH 

116 

4735 

Temperature  =  12 

00“C 

69 

60 

76 

7.4 

14.7 

■■ 

4527 

72 

60 

76 

7.0 

7.0 

4527 

75 

90 

76 

7.8 

23.6 

■B 

4527 

161 

60 

76 

47.4 

25.0 

116 

4811 

169 

60 

76 

19.7 

145.0 

116 

4720 

Temperature  =14 

-00°C 

71 

45 

76 

7.0 

7.0 

126 

74 

60 

76 

7.8 

23.6 

109 

153B 

45 

76 

8.5 

25.0 

116 

4850 

154 

45 

76 

47.4 

25.0 

116 

4811 

155 

45 

76 

86.2 

25.0 

116 

4772 

165 

45 

76 

19.7 

25.0 

116 

4839 

166 

45 

76 

19.7 

65.8 

116 

4799 

167 

45 

76 

19.7 

145.0 

116 

4720 

168 

30 

76 

19.7 

145.0 

216 

4619 

171 

30 

76 

19.7 

145.0 

316 

4519 

173 

30 

76 

19.7 

145.0 

416 

4419 

Table  H.  Conditions  for  the  deposition  of  SiC  from  MTS+Hj+Ar  at  the  indicated 
temperatures. 


Run  No. 

Time 

Pressure 

DB- 

(min) 

(torr) 

MTS 


Temperature  =  1000' 


Flow  Rate  (seem) 


H3 


120 

76 

9.4 

128 

75 

76 

60.0 

600 

75 

76 

60.0 

600 

90 

76 

20.0 

200 

90 

76 

100.0 

1000 

90 

76 

120.0 

1200 

Temperature  = 


175 

182 

184 

243 

245 

248 

45 

45 

45 

60 

60 

60 

76 

76 

76 

76 

76 

76 

10.0 

65.0 

65.0 

120.0 

100.0 

20.0 

100 

600 

400 

1200 

1000 

200 

4890 

4335 

4535 

3680 

3900 

4780 

Temperature  =  1400° 

119 

30 

76 

10.0 

127 

4430 

122 

30 

76 

9.4 

128 

4430 

176 

30 

76 

10.0 

100 

4890 

183 

30 

76 

65.0 

600 

4335 

240 

45 

76 

100.0 

1000 

3900 

241 

45 

76 

60.0 

600 

4340 

252 

45 

76 

60.0 

600 

4340 

253 

45 

76 

20.0 

200 

4780 

254 

45 

76 

120.0 

1200 

3680 

Table  HI.  Characterization  of  SiC  produced  from  SiCl4+CH4+H2+Ar  at  the  indicated 
temperatures. 


Run  No. 

Phase 

Deposit 

Deposition 

DB- 

Thickness 

Rate  (xlO’) 

Oxm) 

(cm/s) 

Temperature  =  1000°C 

70 

0.000 

73 

0.00 

0.000 

76 

0.00 

0.000 

103 

0.00 

0.000 

Temperature  =  1200®C 

69 

jS  +  tt-SiC 

4.069 

1.130 

72 

jS  +  a-SiC 

1.563 

0.434 

75 

/S+Qf-SiC 

10.47 

1.939 

161 

/S  +  a-SiC 

1.753 

0.487 

169 

jS+a-SiC 

1.725 

0.479 

Temperature  =  1400°C 

71 

)S  +  a-SiC 

1.678 

0.621 

74 

/3+a-SiC 

7.440 

2.067 

153B 

i5-SiC 

0.744 

0.276 

154 

/3+a-SiC 

1.912 

0.708 

155 

jS+a-SiC 

6.788 

2.514 

165 

jS  +  0f-SiC 

4.106 

1.521 

166 

/3  +  ct"SiC 

10.08 

3.733 

167 

/3+a-SiC 

4.744 

1.757 

168 

/3  +  o:-SiC 

9.703 

5.391 

171 

/S+of-SiC 

16.98 

9.433 

173 

+  Qf’SiC 

16.69 

9.272 

Table  IV.  Results  for  the  deposition  of  SiC  from  MTS  at  the  indicated  temperatures.* 


Run 

No. 

DB- 

Phase 

Dep. 

Thick. 

(/xm) 

Dep. 

Rate 

(xlO’) 

(cm/s) 

mQjSjm 

^^MTS 

(xlO^) 

(cm) 

(cm/s) 

(cm/s) 

Temperat 

ure  =  1000°C,  Dmts  = 

=  1.79  cmVs  and  D'^n-s  =  9.39  cmVs 

213 

None 

0.000 

0.000 

2.153 

3.771 

83.36 

249.1 

250 

/3-SiC 

0.223 

0.0496 

2.391 

4.189 

75.04 

224.2 

251 

/3-SiC 

0.298 

0.0515 

2.437 

4.269 

73.63 

220.0 

258 

/3-SiC 

0.000 

0.000 

2.433 

4.262 

73.75 

220.4 

259 

/3-SiC 

0.483 

0.0894 

2.419 

4.238 

74.18 

221.6 

260 

/3-SiC 

0.550 

0.102 

2.443 

4.279 

73.46 

219.5 

Temperati 

ire  =  1200 

Dj^s  = 

2.29  cmVs  and  D\n-s  =  12.26  cmVs 

175 

None 

0.00 

0.00 

2.159 

3.890 

106.2 

321.7 

182 

iS-SiC 

13.13 

4.86 

2.163 

3.816 

106.1 

321.2 

184 

^-SiC 

13.50 

5.00 

2.157 

3.805 

106.4 

322.1 

243 

jS  +  aSiC 

89.70 

24.92 

2.169 

3.826 

105.7 

320.3 

245 

/3+aSiC 

67.69 

18.80 

2.167 

3.823 

105.8 

320.5 

248 

/3^SiC 

3.03 

0.84 

2.507 

4.423 

91.49 

277.1 

Temperati 

ire  =  1400 

D^5js  = 

2.84  cmVs  and  D\n-s  =  15.46  cmVs 

119 

13-SiC 

9.384 

5.213 

2.359 

120.4 

369.1 

122 

/3-SiC 

4.847 

2.693 

2.359 

■IB 

120.4 

369.1 

176 

^-SiC 

10.37 

5.761 

2.253 

4.000 

126.0 

386.4 

183 

)S-SiC 

65.79 

36.55 

2.257 

4.007 

125.8 

385.8 

240 

jS+aSiC 

237.0 

87.79 

2.261 

4.015 

125.5 

385.0 

241 

/3+Q;SiC 

186.1 

68.91 

2.258 

4.009 

125.7 

385.6 

252 

/3+aSiC 

171.3 

63.44 

2.620 

4.652 

108.3 

332.2 

253 

/S+aSiC 

44.11 

16.34 

2.716 

4.821 

104.5 

320.6 

254 

/3+aSiC 

412.3 

152.7 

2.677 

4.752 

106.1 

325.2 

♦The  Chapman-Enskog  diffusion  coefficient  (D^ts)  and  the  Slattery-Bird  coefficient 
(D'mts)  are  given  for  each  temperature. 


Table  V,  Relative  intensities,  in  %,  of  diffraction  peaks  for  the  XRD  of  /3-SiC  samples  (N/E: 
Peak  was  not  estimable  due  to  overlap  of  a  neighboring  graphite  peak). 


Run  No. 
DB- 

111 

200 

220 

311 

250 

100 

N/E 

N/E 

18 

259 

100 

N/E 

N/E 

30 

260 

100 

N/E 

N/E 

35 

182 

100 

0 

44 

27 

245 

100 

<1 

<1 

2 

243 

100 

<1 

<1 

1 

176 

100 

9 

28  • 

31 

241 

59 

1 

100 

15 

254 

41 

2 

100 
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Factors  Affecting  the  CVD  of  BijCj+SiC  Dispersed  Phase  Composites 
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Abstract 

The  codeposition  of  BjjCj+SiC  has  been  shown  to  occur  from  mixtures  of 
BCl3-l-MTS-t-CH4-l-H2+Ar  in  a  vertical,  hot  wall  CVD  reactor  using  a  modified  impinging 
jet  geometry.  A  comparison  of  the  observed  and  predicted  deposition,  based  on  prior  results 
for  the  deposition  of  SiC  and  B,3C2  separately,  showed  that  the  deposition  of  the  two  phases 
did  not  occur  independently  of  one  another.  From  an  analysis  of  the  difference  between  the 
actual  and  anticipated  deposit  thickness,  more  deposition  was  observed  than  predicted  at  low 
temperatures  and  MTS  flow  rates.  At  higher  temperatures  and  low  MTS  flow  rates,  less 
deposition  was  observed  than  predicted.  This  difference  was  attributed  to  the  influence  of 
codeposition  on  nucleation  phenomena.  A  methodology  was  developed  for  comparing  actual 
codeposition  rates  with  rates  predicted  from  single  phase  deposition. 

Codeposition,  CVD,  Boron  Carbide,  Silicon  Carbide,  Coatings 
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Introduction 


The  attraction  to  ceramic  composite  coatings  results  from  the  ability  to  alter  and  tailor 
the  final  properties  of  the  coating  to  fit  the  requirements  of  the  application.  Such 
requirements  quite  frequently  include  the  toughening  of  brittle  ceramics.  Zirconia  toughened 
alumina  and  transformation  toughened  zirconia  are  two  examples  of  composites  where  the 
fracture  toughness  may  be  increased  by  the  inclusions  of  additional  phases.  Further,  the 
chemical  and  oxidation  properties  of  the  composite  may  be  favorably  changed  by  the  proper 
choice  of  components.  Also,  the  electrical,  tribological,  thermal,  and  optical  properties  may 
be  enhanced  by  the  use  of  composite  materials. 

The  process  of  chemical  vapor  deposition  (CVD)  offers  a  unique  method  by  which 
composite  coatings  may  be  produced.  Deposits  which  feature  different  chemical  compounds 
or  phases  may  be  prepared  by  either  the  deposition  of  alternate  layers  or  by  the  simultaneous 
deposition  of  multiple  phases.  Reviews  of  successes  in  the  codeposition  of  composite 
coatings  have  appeared  in  the  literature.'^ 

Background 

This  section  reviews  the  limited  work  in  the  multiple  phase  deposition  system,  B-Si- 
C.  Only  two  groups  have  published  research  from  the  CVD  of  compounds  within  this 
system.  Also,  a  review  of  the  investigations  of  the  B-Si-C  phase  diagram  are  included. 

Gugel  et  al.*  studied  the  ternary  B-Si-C  system  in  detail,  in  particular  an  investigation 
into  the  pseudobinary  B4C-SiC  system.  In  all  cases,  x-ray  analysis  showed  the  presence  of 
two  phase  SiC  and  B4C,  independent  of  the  sintering  conditions.  There  was  evidence  to 
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suggest  some  slight  solubility  of  SiC  in  B4C.  These  findings  were  based  on  a  decrease  in  the 
lattice  constants  beyond  the  lowest  values  seen  in  the  investigation  of  the  B-C  system.  The 
lowering  of  these  values  were  seen  in  samples  with  increasing  sintering  temperatures  and 
increasing  SiC  content,  leading  to  the  conclusion  of  slight  solubility.  However,  such 
solubility  was  not  confirmed  by  the  surrounding  literature.  The  determination  of  the  eutectic 
was  found  to  lie  at  about  65  mole  percent  B4C  and  at  approximately  2250°C.  The  values 
differ  slightly  from  those  reported  by  Secrist,  who  found  the  eutectic  to  be  about  62%  B4C 
and  2300“C.‘  In  Figure  1,  a  comparison  of  the  two  eutectic  temperature  and  composition 
determinations  is  made.  Further,  Gugel  reported  that  no  ternary  compounds  were  found 
within  the  B-Si-C  system,  although  some  compositions  had  been  previously  reported.^  The 
ternary  phase  diagram  is  shown  in  Figure  2,  showing  melting  isotherms  and  eutectic  lines. 

The  CVD  of  multiphase  ceramics  in  the  B-Si-C  system  was  reported  by  Golda  and 
Gallois.®  Their  coatings  were  produced  from  reactions  of  MTS,  BCI3,  CH4,  and  Uj  in  ^  hot 
wall  reactor  at  33  MPa  (200  torr).  Graphite  plates  were  used  as  substrates  and  the  total  flow 
was  fixed  at  500  seem.  Below  1473  K,  their  coatings  were  amorphous,  and  at  higher 
temperatures  deposition  was  controlled  by  non-equilibrium  reactions.  The  most  common 
observed  coating  was  comprised  of  a  SiC  matrix  with  a  silicon  boride,  SiB^,  dispersed  phase. 
With  control  of  the  BCI3  and  CH4  flow  rates,  composites  of  B-l-B4C-l-SiB(i  and 
SiC-l-SiB6-l-SiB,4  were  possible.  The  qualitative  aspects  of  the  deposits  were  explainable 
using  non-equilibrium  thermodynamic  calculations.  However,  no  kinetic  or  microstructural 
analysis  of  the  deposition  was  reported. 
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Goujard  et  al.’  also  examined  the  CVD  of  compounds  in  the  B-Si-C  system  at  1400  K 
and  0.395  atm  (300  torr).  They  initially  thoroughly  studied  the  thermodynamics  of  the 
system  to  determine  the  deposition  diagrams  and  used  the  calculations  to  compare  against 
experimental  results.  Deposition  was  done  on  polished  graphite  substrates  suspended  within 
a  hot  wall  reactor.  Reagent  gases  were  BCI3,  MTS,  and  H2.  However,  no  indq)endent 
carbon  source,  such  as  CH4,  was  used;  the  only  carbon  present  in  the  system  was  delivered 
from  the  MTS  molecule  or  at  the  surface  of  the  substrate.  It  is  unclear  whether  the  amount 
of  carbon  in  the  MTS  molecule  was  sufficient  or  if  diffusion  of  carbon  from  the  substrate 
was  needed.  Of  particular  interest  was  the  issue  of  free  carbon  formation;  in  the 
thermodynamic  analysis,  mixtures  with  low  hydrogen  contents  inhibited  the  reduction  of  the 
chlorosilanes,  silicon  chlorides,  and  the  boron-containing  species,  and  the  formation  of  free 
carbon  was  predicted  from  the  thermodynamics.  In  the  experimentation,  free  carbon  was 
observed  in  amounts  higher  than  predicted  from  thermodynamic  analysis,  but  some  of  this 
was  explained  from  homogeneous  nucleation  since  soot  was  present.  The  comparison 
between  thermodynamic  and  experimental  results  showed  good  agreement  at  the  bottom  of 
the  graphite  substrates  where  the  gas  first  came  in  contact  with  the  surface.  However,  at 
positions  along  the  substrate  away  from  the  bottom  face  deviations  from  the  calculated 
equilibrium  occurred,  possibly  due  to  fluid  dynamic  effects  or  due  to  heterogenous  kinetic 
differences  between  the  boron  and  silicon  chloride  reagent  molecules. 

Goujard  et  al.“*  were  able  to  extend  some  of  the  information  which  they  learned  from 
the  deposition  of  these  compounds  to  the  chemical  vapor  infiltration  process.  The  latter 
process  was  of  interest  for  the  protection  of  oxidation  sensitive  materials,  such  as  carbon 
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based  composites.  Once  again,  this  group  used  mixtures  of  MTS,  BCI3,  and  H2,  with  no 
separate  carbon  source  reagent.  Within  their  patent,  they  indicate  that,  using  these  reagents, 
it  becomes  possible  to  change  from  a  SiC  matrix  to  a  B-Si-C  matrix  by  the  addition  of  BCI3 
gas  to  the  reagent  flow.  This  enabled  them  to  grade  the  coating  composition  away  from  a 
pure  SiC  phase  to  a  B-Si-C  matrix  by  a  slow  increase  in  the  BCI3  flow  up  to  the  desired 
value.  They  found  it  best  to  put  a  layer  of  pure  SiC,  or  another  refractory  carbide,  between 
any  pyrolytic  carbon  in  the  matrix  and  the  B-Si-C  protective  layer.  This  prevented  the 
carbon  from  reacting  with  the  glassy  phases  formed  in  the  B-Si-C  layer  and  prevented  the 
diffusion  of  boron  into  the  carbon  matrix.'  Results  based  on  microprobe  analysis  show  that 
they  were  successful  in  producing  a  graded  coating  transitioning  between  SiC  and  a  B-Si-C 
phase  through  this  control  of  the  BCI3  flow.  However,  no  kinetic  information  for  the 
reaction  was  provided,  and  no  work  was  done  towards  discovering  conditions  which  could 
optimize  the  deposition  reaction. 

Procedure 

The  deposition  of  dispersed  phase  composites  was  accomplished  in  a  vertical,  hot  wall 
reactor  from  mixtures  of  BCl3-l-MTSH-CH4-l-H2+Ar.  A  modified  impinging  jet  geometry 
was  employed  for  the  substrate  to  simplify  the  diffusional  modeling  of  the  system.  The 
details  of  this  system  have  been  previously  described  in  greater  detail.  “ 
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Results  and  Discussion 


The  modeling  of  the  codeposition  reaction  using  statistical  methods,  as  was  covered 
elsewhere,"  was  effective.  However,  while  the  resulting  regression  equations  accurately 
described  the  observed  results  (correlation  coefficient  of  95%),  such  as  the  Si  to  B  ratio,  the 
equations  did  not  portray  the  exact  dqwsition  mechanism.  For  this  type  of  analysis,  a  more 
fundamental  approach  was  needed. 

In  previous  publications, two  kinetic  equations  were  determined  to  adequately 
reflect  the  single  phase  deposition  of  BjjCz  and  SiC.  These  equations  were: 

Jb  c  ‘  10792  e  [BCJj]® 


for  the  reaction  (deposition)  rate  of  B,3C2,  and 

for  SiC. 

If  the  reactions  to  produce  the  dispersed  phase  composites  occurred  independently, 
i.e.,  without  regard  to  the  other  reaction,  then  the  overall  deposit  thickness  and  deposition 
rate  should  be  the  summation  of  the  two  individual  reactions.  The  overall  reaction  rate, 
Jtoui,  should  then  be 


^Tocal  ~  (3) 
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However,  if  the  reactions  did  not  occur  independently  but  rather  were  interrelated,  the 
overall  reaction  is  complex  and  of  the  form: 


'Total 


(4) 


where  ^sic  represent  the  amounts  of  B13C2  and  SiC  present.  The  easiest  way  to 

check  for  independence  of  the  deposition  reactions  was  by  comparing  the  observed  deposition 
thickness  against  the  calculated  (predicted)  thickness  based  on  Equation  3.  This  comparison 
is  shown  in  Table  1 . 

If  the  reactions  occurred  independently,  then  the  difference  between  the  observed  and 
estimated  deposition  thickness,  i.e.,  the  ’Diff.’  column,  should  be  zero.  However,  an 
examination  of  this  table  showed  that  the  deposition  definitely  cannot  be  explained  by  the 
simple  addition  of  the  two  deposition  rates.  Differences  between  the  observed  and  estimated 
deposition  thicknesses  ranged  from  -171.98  /im  to  98.51  /xm  and  cannot  realistically  be 
explained  by  variability  in  the  data. 

As  a  result  of  this  variation  away  from  independence,  the  conditions  which  led  to 
deviations  were  investigated  using  statistical  analysis  of  the  difference  against  the  input 
(processing)  conditions.  The  result  of  the  stepwise  regression  showed  that  the  variation  was 
explained  using  a  three  variable  equation  at  an  of  87.2%,  which  only  dropped  to  86.0% 
with  the  adjustment  for  the  degrees  of  freedom.  The  standard  deviation  of  the  fit  was  18.60 
/xm  and  the  F-statistic  was  68.32.  The  normal  scores  of  the  standard  residuals  were  fit  by  a 
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line  with  a  slope  of  0.91  and  an  intercept  of  0.01.  The  significant  effects  were  the 
temperature,  temperature  squared,  and  MTS  flow  rate  squared.  The  form  of  the  equation 

was  given  by 

=  0. 482-49. 603*X5-20.472*X5X5  +  6.948*X2X2  (5) 

where  Ajj^,  was  the  difference  between  the  observed  and  predicted  total  deposition,  Xj  was 
the  coded  value  of  the  temperature,  and  was  the  coded  value  of  the  MTS  flow  rate.*^  The 
standard  deviation  of  each  were  3.882,  3.319,  and  3.319,  respectively.  The  standard 
deviation  of  the  constant  was  estimated  at  4.52;  regression  without  a  constant  was  tried  but 
did  not  significantly  change  the  regression  surface.  This  analysis  revealed  that  temperature 
was  the  critical  parameter  controlling  the  deviation  away  from  independence  of  the  reactions. 
At  low  temperatures,  the  reactions  occurred  faster  than  was  predicted  by  the  independent 
reaction  rates.  As  the  temperature  increased  towards  the  middle  value,  the  observed  and 
predicted  deposition  was  about  the  same,  i.e.,  the  difference  decreased  to  around  zero. 
However,  at  the  higher  temperatures  the  observed  deposition  was  much  thinner  than  was 
predicted.  The  significance  of  the  MTS  flow  rate  was  much  lower  than  that  from  the 
temperature  and  its  t-ratio  was  just  above  two,  making  it  close  to  the  95%  confidence  limit. 
However,  the  fit  was  improved  by  its  use  in  the  expression  above  what  was  seen  using  only 
the  temperature  and  temperature  squared.  A  contour  plot  of  the  difference  in  the  observed 
and  the  predicted  deposition  against  the  temperature  and  MTS  flow  rate  is  shown  in  Figure 
3,  This  plot  illustrated  how  the  deviation  was  affected  by  the  conditions,  especially  the 
strong  effect  of  temperature.  The  more  negative  values  of  the  difference  occured  at  the 
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higher  temperatures  and  the  lower  MTS  flow  rates.  Conversely,  the  more  positive  values  of 
the  difference  occurred  at  lower  temperatures  and  higher  MTS  flow  rates.  The  appearance 
of  a  saddle  point  was  observed,  resulting  from  the  linear  and  quadratic  temperature  terms. 

The  difference  in  the  observed  and  predicted  deposition  rates  was  also  checked  against 
the  predicted  amounts  of  B13C2  and  SiC  based  on  the  derived  kinetic  equations,  i.e.. 

Equations  1  and  2.  The  aim  of  this  regression  analysis  was  to  examine  the  kinetic  equations 
for  conditions  which  would  lead  to  deviations  away  from  independence.  That  is,  to  check 
for  instances  where  high  deviations  in  the  amount  of  observed  deposit  could  be  attributed  to 
conditions  which  predicted  high  amounts  of  an  individual  phase.  The  results  of  the 
regression  produced  an  equation  defined  by 

=  45.11-1. 462*  -0. 960* 

where  tj**^  was  the  predicted  amounts  of  phase  i  in  fim.  The  value  of  was  78.4%  which 
dropped  to  77.0%  when  adjusted  for  the  degrees  of  freedom;  the  standard  deviation  of  the  fit 
was  23.79  ^Lm^,  and  the  F-statistic  was  56.32.  A  fit  of  the  normal  scores  of  the  standard 
residuals  had  a  slope  of  0.91  and  an  intercept  of  -0.02.  This  regression  showed  that  the 
conditions  which  led  to  high  predicted  amounts  of  SiC  deposition,  i.e.,  high  MTS  flow  rate 
and  high  temperature,  had  the  greater  effect  on  the  difference,  Adcp*  The  negative  sign 
preceding  the  tl-c**  term  showed  that  higher  amounts  of  SiC  decreased  the  actual  codeposition 
to  values  below  what  would  be  predicted  from  the  single  phase  deposition  systems.  Further, 
lower  amounts  of  predicted  SiC  deposition  led  to  more  positive  differences;  that  is,  the  actual 
deposition  was  higher  than  was  predicted  from  the  single  phase  systems.  The  significance  of 
the  estimated  BjjCj  deposition  did  show  the  same  behavior  as  the  SiC  deposition,  but  the 
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standard  deviation  of  this  effect  was  high  (0.404)  compared  to  the  magnitude  of  the  effect, 
making  the  t-ratio  -2.37  and  placing  it  close  to  the  95%  confidence  limit.  This  was 
important  especially  when  compared  to  the  standard  deviation  of  the  SiC  deposition  effect 
which  was  only  0.262,  giving  a  t-ratio  of  -5.59.  A  contour  plot  of  the  fit  is  shown  in 
Figure  4. 

A  final  type  of  comparison  of  the  deviation  of  the  observed  data  was  done  with  the 
difference  between  the  observed  deposition  of  the  individual  phases  and  the  predicted  values 
based  on  Equations  1  and  2.  This  observed  amount  of  the  individual  phase  was  calculated 
using  the  percentage  of  B13C2  and  SiC  based  on  Rietveld  refinement  of  the  X-ray  diffraction 
patterns.  These  data,  the  difference  in  the  individual  predicted  and  observed  phase 
deposition,  are  summarized  in  Table  2. 

The  regression  of  the  difference  in  the  observed  and  predicted  B13C2  deposition  was  fit 
by  a  four  parameter  surface  defined  by  the  equation: 

r  =  -8. 790-25. 503*X5-6 .931*XcX5-9 .088*X2  +  8.984*X2X2  (7) 

where  An  r  was  the  difference  between  the  observed  and  estimated  B13C2  deposition 
thickness  in  /im,  Xj  was  the  coded  temperature  value,  and  X2  was  the  coded  MTS  flow  rate 
value.  The  coefficient  of  multiple  determination  was  77.9%  and  dropped  to  75.2%  when 
adjusted  for  degrees  of  freedom.  The  standard  deviation  of  the  fit  was  14.69  /im  and  the  F- 
statistic  was  28.27.  The  standard  deviation  of  each  of  the  effects  was  2.941,  2.601,  2.777, 
and  2.300,  respectively;  the  standard  deviation  of  the  constant  was  3.539.  The  normal 
scores  of  the  standard  residuals  was  fit  by  a  line  with  a  slope  of  0.91  and  an  intercept  of 
0.00.  This  surface  demonstrated  that  high  temperatures  led  to  less  deposition  than  predicted 
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by  the  single  phase  deposition  equations.  The  influence  of  the  MTS  flow  rate  showed  that 
the  presence  on  MTS  depressed  the  actual  deposition  to  values  below  the  estimated  amount. 

A  contour  plot  of  the  difference  in  the  BjaCj  deposition  against  the  temperature  and  the  MTS 
flow  rate  is  shown  in  Figure  5. 

A  similar  regression  surface  was  derived  for  the  difference  in  the  SiC  deposit 
thickness.  This  surface  fit  the  data  at  a  value  of  90.1%  (R^Adj  of  86.8%)  with  an  F-statistic 
of  27.39  and  a  standard  deviation  of  10.41  ^im.  However,  the  surface  was  composed  of  nine 
parameters  and,  because  of  its  size,  is  shown  in  Table  3.  In  this  table,  Xj  though  Xj 
represent  the  following  coded  variables:  BCI3  flow  rate,  MTS  flow  rate,  CH4  flow  rate,  H2 
flow  rate,  and  temperature,  respectively.  From  this  surface,  it  was  evident  that  the 
temperature,  the  MTS  flow  rate  and  the  BCI3  flow  rate  were  the  most  important  in 
influencing  the  deviation  of  the  SiC  deposition  by  virtue  of  their  high  effect  estimates  and 
low  standard  deviations.  However,  this  surface  was  not  quite  as  stable  as  others,  and  this 
was  reflected  in  the  fit  of  the  normal  scores  which  had  a  slope  of  0.87  and  an  intercept  of  - 
0.01.  It  was  not  possible  to  realistically  develop  a  contour  plot  to  describe  the  surface  since 
there  were  so  many  significant  terms  present. 

Considering  all  of  the  regression  information  together,  it  was  obvious  that  the 
important  parameters  which  controlled  the  deviation  away  from  independence  for  the 
dispersed  phase  deposition  were  the  temperature  and  the  MTS  flow  rate.  This  can  be  seen  in 
the  fit  of  the  total  deposition  rate,  in  the  fit  of  the  Bi3C2  deposition,  and,  to  some  extent,  in 
the  fit  of  the  SiC  deposition.  From  this,  the  presence  of  MTS  and,  consequently,  the 
presence  of  SiC  from  the  MTS  led  to  decreases  in  the  actual  observed  deposition  and  the 
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observed  BuCz  deposition,  although  much  of  the  decrease  in  the  total  deposition  may  be 
attributed  to  the  decrease  in  the  B^Cz  deposition.  This  trend  which  was  confirmed  by 
regressing  the  difference  in  deposition  thickness  against  the  individual  predicted  deposition 
amounts,  i.e.,  Equation  6.  On  the  other  hand,  under  conditions  which  led  to  small  amounts 
of  SiC  deposition,  i.e.,  low  temperatures  and  MTS  flow  rates,  the  actual  observed  total 
deposition  and  observed  deposition  of  B13C2  were  increased,  in  some  cases  by  a  dramatic 
amount.  Again,  this  trend  was  confirmed  by  the  regression  of  the  deviation  against  the 
predicted  phase  amounts. 

This  change  in  the  BjjCz  deposition  was  hypothesized  to  be  the  result  of  two  factors, 
both  of  which  involved  the  SiC  deposition.  The  first  was  that  conditions  which  produced 
small  amounts  of  SiC  actually  improved  the  deposition  of  B13C2  due  to  the  reduced  free 
energy  of  nucleating  onto  SiC  rather  than  graphite  and  to  some  extent  B,3C2.  The  lower 
interfacial  free  energy  enabled  the  BJ3C2  to  nucleate  and  grow  with  shorter  lag  times  than 
was  possible  with  a  graphite  substrate.  Further,  since  SiC  was  present  throughout  the 
coating,  B13C2  was  able  to  renucleate  during  the  course  of  the  composite  deposition, 
significantly  increasing  the  reaction  rate  of  the  B13C2.  This  observation  is  supported  by  the 
examination  of  the  surface  morphology  of  the  composite  samples.  In  these  samples,  the 
B,3C2  showed  a  finer  surface  feature  size  than  was  seen  for  the  pure  B13C2  deposition, 
especially  when  comparing  the  samples  shown  in  Figures  6  and  7  which  were  both  deposited 
at  1200°C  and  similar  BCI3  concentrations. 

Under  conditions  which  led  to  high  amounts  of  SiC  deposition,  the  deposition  of 
BjjCz  was  actually  retarded  due  to  the  competitive  nucleation  and  growth  which  was 
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occurring  between  the  BuCj  and  the  SiC.  In  other  words,  after  a  nucleus  of  BuCj  was  able 
to  form  and  its  growth  had  commenced,  its  active  growth  was  halted  because  of  the 
nucleation  of  a  neighboring  SiC  grain  and  perhaps  overcoating  of  BJ3C2  by  SiC.  The  result 
was  that  the  observed  deposition  of  B13C2  was  lower  than  in  single  phase  deposition  and 
much  lower  than  when  its  production  was  catalyzed  by  small  amounts  of  SiC.  TTiose 
conditions  which  yielded  intermediate  quantities  of  SiC  showed  a  transition  between  the  two 
extremes  with  variations  occurring  due  to  random  variations  in  the  surface  chemistry.  That 
is  to  say  that  the  possibility  of  SiC  grains  being  more  concentrated  in  local  regions  due  to 
random  chance  could  lead  to  enhancing  the  deposition  of  B13C2  in  some  areas  but  retarding 
deposition  in  others.  However,  the  deviation  of  the  deposition  of  B13C2  was  greatly  affected, 
for  better  and  for  worse,  by  the  presence  of  SiC.  Thus,  the  actual  deposition  of  B13C2  during 
codeposition  conditions  could  be  described  by  the  equation: 


^hct 


f.PTed 


+  A 


(8) 


where  was  the  actual  thickness  of  B,3C2  in  urn,  was  the  predicted  deposition 

thickness  of  B13C2  in  ^m  based  on  Equation  1 ,  and  Ab^^Cj  was  the  difference  between  actual 
and  predicted  deposit  thickness  in  /xm  of  B,3C2  as  defined  by  Equation  7. 

The  deviation  in  the  SiC  deposition  was  not  quite  as  frequent  as  that  observed  for 
B13C2  but  the  differences  that  were  present  were  generally  quite  high.  This  was  seen  in  the 
differences  in  the  form  of  the  equations  for  the  individual  SiC  deposition  difference  (Table 
III)  and  the  total  deposition  difference  (Equation  5).  The  form  of  the  B,3C2  difference 
equation  (Equation  7)  was  almost  exactly  the  same  as  the  total  deposition  difference  equation 
except  for  the  presence  of  the  linear  MTS  flow  rate  effect  in  the  individual  BJ3C2  equation. 


13 


However,  because  the  variation  of  the  SiC  deposition  was  generally  much  less,  the  form  of 
the  difference  equation  was  more  sensitive  to  smaller  variations  which  might  have  been  due 
to  random  variability  but  were  accounted  for  by  the  presence  of  the  many  interaction  terms 
in  Table  HI.  The  variation  which  was  present  in  SiC  deposition  can  be  explained  using  the 
same  reasoning  for  the  B13C2  deposition  presented  in  the  previous  paragraph.  Conditions 
which  led  to  high  amounts  of  BJ3C2  deposition  interfered  with  the  nucleation  and  growth  of 
SiC,  as  evidenced  by  the  regression  of  the  difference  in  total  deposition  against  the  individual 
predicted  deposition.  Further,  conditions  which  would  ordinarily  lead  to  low  amounts  of 
B13C2  deposition  promoted  the  deposition  of  SiC  above  what  was  expected  from  single  phase 
deposition.  Thus,  the  actual  amount  of  SiC  deposition  had  the  form; 

^Act  _  ^Pred  *  (9) 

t'5ic  ~  ^SiC  *^SiC  '  ' 

where  t^c*"  was  calculated  from  Equation  2  and  Agic  came  from  Table  III. 

The  overall  deposit  thickness  which  was  observed  following  experimentation  can  be 
estimated  by  a  similar  equation  given  by: 


f.Obs 

^Tot 


^Pred  a 


Pied  , 


(10) 


where  Ad^  was  from  Equation  5.  Thus,  the  overall  codeposited  material  was  a  result  of  the 
individual  predicted  deposition  rates  and  an  interaction  term  which  either  enhanced  or 
inhibited  the  deposition  over  what  would  be  predicted  from  an  assumption  of  independence  in 
the  reactions.  The  form  of  Ad^,  was  not  exactly  equal  to  ^sic>  although  there  were 

some  strong  similarities.  The  similarity  was  in  the  significant  presence  of  the  temperature 
and  temperature  squared  terms.  In  fact,  when  the  estimates  of  the  temperature  and 


14 


temperature  squared  terms  for  the  individual  BjjCi  and  SiC  equations  were  added  together, 
the  resulting  values  were  approximately  the  same  as  was  seen  in  the  joint  difference 
equation.  That  is,  the  addition  of  the  X5  estimates  for  the  individual  equations  was  -46.513 
versus  -49.603  for  the  total  difference  equation;  for  the  XsXj  term,  the  addition  of  the 
individual  terms  gave  a  value  of  -19.468  against  a  value  of  -20.472  in  the  total  difference 
equation.  Further,  the  value  of  the  X2X2  term  in  the  was  8.934  versus  6.948  in  the 
equation.  Thus,  the  Aj^  may  be  realistically  broken  into  two  parts  and  applied  to  the 
individual  deposition  rates  for  the  two  phases.  It  was  difficult  to  assign  the  differences  to 
particular  reasons,  other  than  the  presence  of  extra  effects  in  the  results  from  random 
variations  which  happened  to  correlate  with  particular  regressors.  However,  codeposition 
could  be  explained  using  the  individual  deposition  equations  along  with  an  interaction  term. 

Conclusions 

The  codeposition  of  B,3C2+SiC  has  been  shown  to  occur  from  mixtures  of 
BCl3-i-MTS-f-CH4-l-H2+Ar  in  a  vertical,  hot  wall  reactor  using  a  modified  impinging  jet 
geometry.  The  deposition  thicknesses  of  the  composite  samples  were  compared  to  those 
calculated  via  the  derived  mechanisms  for  the  single  phase  deposition  of  B13C2  and  SiC.  This 
comparison  showed  that  the  deposition  of  the  two  phases  did  not  occur  independently  of  one 
another.  The  deposition  deviated  away  from  independence  positively  (i.e.,  more  deposition 
observed  than  predicted)  at  low  temperatures  and  MTS  flow  rates.  At  higher  temperatures 
and  MTS  flow  rates,  the  deposition  deviated  away  from  independence  negatively  (i.e.,  less 
observed  than  predicted).  This  was  attributed  to  the  difference  in  nucleation  which  occurred 
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under  codeposition  conditions.  When  a  small  amount  of  SiC  was  present,  the  nucleation  of 
BjjCj  was  increased  and  the  observed  deposit  was  thicker.  However,  under  conditions  which 
led  to  higher  reaction  rates,  the  competitive  nucleation  and  growth  of  both  phases  retarded 
the  observed  deposition  to  values  below  what  would  be  predicted  from  the  independent 
equations.  Examination  of  the  individual  phase  amounts  showed  that  similar  conditions  led 
to  deviation  from  that  which  was  predicted  from  the  single  phase  conditions. 
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Table  I.  Comparison  of  Predicted  and  Observed  Deposit  Thickness 


Run 

B13C2 

SiC 

Predicted  Total 

Observed  Total 

Difference 

No. 

Predicted 

Predicted 

Deposit 

Dq)Osit 

Oim) 

DB- 

Oxm) 

(nm) 

Oim) 

Oim) 

325 

31.84 

6.93 

38.77 

30.96 

-7.81 

326 

15.92 

6.93 

22.85 

25.75 

2.90 

328 

31.84 

6.93 

38.77 

24.76 

-14.01 

329 

24.55 

1.71 

26.26 

55.72 

29.46 

330 

31.84 

6.93 

38.77 

29.20 

-9.57 

331 

31.84 

6.93 

38.77 

40.07 

1.30 

332 

60.43 

18.77 

79.20 

23.13 

-56.07 

333 

36.26 

43.80 

80.06 

6.12 

-73.94 

334 

69.56 

117.46 

187.02 

15.04 

-171.98 

335 

31.84 

6.93 

38.77 

24.42 

-14.35 

336 

60.43 

43.80 

104.23 

9.32 

-94.91 

337 

36.26 

18.77 

55.03 

4.33 

-50.70 

338 

24.55 

1.72 

26.27 

86.64 

60.37 

339 

31.84 

6.93 

38.77 

137.28 

98.51 

341 

47.76 

6.93 

54.69 

79.33 

24.64 

342 

31.84 

12.48 

44.32 

37.32 

-7.00 

343 

31.84 

6.93 

38.77 

22.95 

-15.82 

366 

14.73 

1.72 

16.45 

66.85 

50.40 

345 

31.84 

1.39 

33.23 

87.17 

53.94 

347 

31.84 

6.93 

38.77 

26.41 

-12.36 

348 

24.55 

0.74 

25.29 

71.41 

46.12 

349 

31.84 

6.93 

38.77 

10.74 

-28.03 

364 

31.84 

6.93 

38.77 

58.91 

20.14 

351 

24.55 

0.74 

25.29 

50.67 

25.38 

352 

31.84 

6.93 

38.77 

18.30 

-20.47 

353 

11.16 

0.16 

11.32 

10.88 

-0.44 

354 

36.26 

43.80 

80.06 

6.49 

-73.57 

355 

60.43 

43.80 

104.23 

65.10 

-39.13 

356 

14.73 

0.74 

15.47 

47.70 

32.23 

357 

36.26 

18.77 

55.03 

76.24 

21.21 

358 

14.73 

1.72 

16.45 

72.11 

55.66 

365 

31.84 

6.93 

38.77 

49.50 

10.73 

360 

31.84 

6.93 

38.77 

62.25 

23.48 

361 

60.43 

18.77 

79.20 

21.35 

-57.85 

362 

14.73 

0.74 

15.47 

54.43 

38.96 

363 

31.84 

6.93 

38.77 

66.02 

27.25 

Table  11.  Coinparison  of  Predicted  and  Observed  Quantities  of  B13C2  and  SiC 


Run  No. 
DB- 

B13C2 

Predicted 

SiC 

Predicted 

B13C2 

Observed 

SiC 

Observed 

Diff. 

B13C2 

Diff. 

SiC 

325 

3i.84 

6.93 

21.30 

9.67 

-10.54 

2.74 

326 

15.92 

6.93 

9.15 

16.60 

-6.77 

9.67 

328 

31.84 

6.93 

18.29 

6.46 

-13.55 

-0.47 

329 

24.55 

1.71 

49.55 

6.17 

25.00 

4.46 

330 

31.84 

6.93 

16.07 

13.12 

-15.77 

6.19 

331 

31.84 

6.93 

13.91 

26.16 

-17.93 

19.23 

332 

60.43 

18.77 

20.20 

2.94 

-40.23 

-15.83 

333 

36.26 

43.80 

1.03 

5.09 

-35.23 

-38.71 

334 

69.56 

117.46 

4.18 

10.86 

-65.38 

-106.6 

335 

31.84 

6.93 

14.57 

9.86 

-17.27 

2.93 

336 

60.43 

43.80 

3.94 

5.38 

-39.86 

-38.42 

337 

36.26 

18.77 

1.53 

2.80 

-34.73 

-15.97 

338 

24.55 

1.72 

21.48 

65.16 

-3.07 

63.44 

339 

31.84 

6.93 

67.27 

70.01 

35.43 

63.08 

341 

47.76 

6.93 

29.53 

49.79 

-18.23 

42.86 

342 

31.84 

12.48 

24.01 

13.31 

-7.83 

0.83 

343 

31.84 

6.93 

15.98 

6.97 

-15.86 

0.04 

366 

14.73 

1.72 

26.50 

40.35 

11.77 

38.63 

345 

31.84 

1.39 

87.17 

0.00 

55.33 

-1.39 

347 

31.84 

6.93 

18.16 

8.24 

-13.68 

1.31 

348 

24.55 

0.74 

70.44 

0.97 

45.89 

0.23 

349 

31.84 

6.93 

6.97 

3.77 

-24.87 

-3.16 

364 

31.84 

6.93 

27.07 

31.84 

-4.77 

24.91 

351 

24.55 

0.74 

50.67 

0.00 

26.12 

-0.74 

352 

31.84 

6.93 

11.62 

6.69 

-20.22 

-0.24 

353 

11.16 

0.16 

10.39 

0.48 

-0.77 

0.32 

354 

36.26 

43.80 

0.95 

5.54 

-35.31 

-38.26 

355 

60.43 

43.80 

32.05 

33.05 

-11.75 

-10.75 

356 

14.73 

0.74 

29.81 

17.88 

15.08 

17.14 

357 

36.26 

18.77 

13.04 

63.20 

-23.22 

44.43 

348 

14.73 

1.72 

37.04 

35.07 

22.31 

33.35 

365 

31.84 

6.93 

33.96 

15.54 

2.12 

8.61 

360 

31.84 

6.93 

54.34 

7.91 

22.50 

0.98 

361 

60.43 

18.77 

17.84 

3.51 

-42.59 

-15.26 

362 

14.73 

0.74 

50.17 

4.26 

35.44 

3.52 

363 

31.84 

6.93 

59.78 

6.04 

27.94 

-0.89 

Table  III.  The  deviation  in  the  SiC  deposition  from  the  predicted  amount  was  fit  by  a  nine 
parameter  surface  shown  with  the  standard  deviation  for  each  effect  and  its  corresponding 
t-ratio. 


Predictor 


Coefficient 

Otm) 


Standard  Deviation 

_ 


t-Ratio 


Constant 

Xs 

XjXj 

X2X5 

XiX, 

X4 

X3X5 

X2X3 

X,X2 

X,X3 


5.293 

-21.010 

-13.077 

-15.298 

6.773 

7.176 

8.715 

-7.136 

6.428 

-6.031 


2.450 

2.093 

1.837 

2.544 

1.837 

2.093 

2.544 

2.544 

2.544 

2.544 


2.16 

-10.04 

-7.12 

-6.01 

3.69 

3.43 

3.43 

-2.80 

2.53 

-2.37 
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Abstract 

The  feasiHIity  of  using  organoboranes  as  preo  irsors  for  the  deposition  of  boron-cait)on  films  in 
a  bot-waD  CVD  fomace  was  investigated.  The  reagents  studied  include  trimethylborane, 
triethylborane,  tributylborane,  and  tr^henjfoorane.  The  films  deposited  from  trimethjfoorane 
were  rich  in  carbon  and  did  iK)t  contain  boron.  Hhns  d^xjsited  from  tnethjd  and  tributylborane 
were  rich  in  boron  at  low  temperatures  and  pressures  and  rich  in  carbon  at  high  tempoatures 
and  pressures.  In  the  case  of  tr^henylborane  the  vr^r  pressure  was  too  low  for  film 
deposition. 

Keywords:  CVD,  organoboranes,  thin  films 

1.  Introduction 

The  typical  reagents  used  to  d^sit  boron-carbon  films  using  chemical  vr^r 
deposition  (CVD)  are  boron  trichloride  (BCb)  and  a  hydrocarbon  such  as  methane  (QL). 
However,  the  halogen  present  in  the  boron  trichbride  precursor  can  be  corrosive  to  the 
deposition  and  efOuent  handling  equipment.  Hnally,  the  trace  quantities  of  halogen  retained  in 
the  dqxrsits  can  be  deleterious  to  film  properties.  Further,  the  use  of  halogen-bearing 
precursors  necessitates  high  operating  terr^Kratures  (1100-1400  **Q.  These  disadvantages 
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precursors  necessitates  high  operating  tenperatures  (1100-1400  ®C).  These  disadvantages 
may  potentially  be  overcome  using  organometallic  reagents  to  deposit  boron-carbon  films. 
Boron-carbon  deposits  are  of  interest  for  use  as  oxidation  and  wear  protective  coatings,  fiber- 
matrix  inter&ce  coating,  and  as  an  oxidation  inhibiting  matrix  for  carbon  fiber-  carbon  matrix 
conposites. 

Organometallic  reagents  have  been  extensively  applied  in  the  microelectronics  industry. 
For  exanple,  deposition  of  gallium  arsenide  has  been  acconplished  using  trimethyl  gallium  and 
arsine  [1].  The  advantages  of  using  organometallic  confounds  include  high  purity,  low 
processing  tenperature,  and  the  elimination  of  corrosion  [2].  These  advantages  have  proirpted 
many  investigations  to  test  the  feasibility  of  this  class  of  confounds  to  deposit  ceramic  films. 
Girolami  and  Gozum  [3]  have  provided  an  excellent  review  of  the  investigations  of  the 
organometallic  precursors  to  deposit  ceramic  films. 

Organometallic  conpounds  have  been  successfully  used  to  deposit  silicon  carbide, 
aluminum  nitride,  zirconium  oxide,  etc.  [3],  but  no  investigation  has  been  undertaken  to  study 
the  feasibility  of  organometallic  conpounds  containing  boron  to  deposit  boron-carbon  films. 
However,  many  researchers  have  used  the  organoboranes  for  doping  of  solar  cells  to  increase 
their  collection  efficiency.  For  exanple,  Higuchi  et  aL  [4]  have  used  trimethylborane  and 
triethylborane  for  boron  doping  in  solar  cells  using  plasma  enhanced  CVD.  They  reported  the 
deposition  of  boron  with  carbon  fi’om  these  compounds.  However,  the  deposit  was  not 
analyzed  for  microstructure  or  conposhioa  The  present  work  was  undertaken  to  study  the 
feasibility  of  depositing  boron-carbon  films  fixrm  some  comnxrn  organoboranes.  Another  goal 
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was  to  detennine  the  effect  of  process  variables  such  as  tenperature,  pressure,  and  flow  rates, 
on  the  structure  and  conpDshion  of  films  deposited  using  a  hot-walled  reactor. 

2.  Experiinental  Details 

2.1  CVD  Apparatus 

Rgure  1  shows  a  schematic  of  the  CVD  apparatus  used  to  deposit  the  boron-carbon 
films.  The  overall  arrangement  can  be  divided  into  three  parts:  (1)  reagent  supply,  (2)  a 
resistively  heated  hot-wall  vatical  graphite  furnace  in  a  gas  tight,  water-cooled  stainless  steel 
shell,  and  (3)  an  effluent  handling  system. 

2.1.1  Reagent  Supply 

Four  different  reagents,  namely  trimethylborane  (TMB),  triethylborane  (TEB), 
tributylborane  (TBB),  and  tr^henylborane  (TPB),obtained  fi'om  Aldrich  Chemical  Conpany 
were  used  in  the  present  study.  Hydrogen  and  argon  gases,  used  as  diluents,  were  ultra  high 
purity  grade;  obtained  fi'om  Holox  Gas  Products,  Atlanta,  GA.  The  reagent  supply  system 
consisted  of  stainless  steel  lines,  for  the  delivery  of  various  reagents  to  the  reactor,  and  mass 
flow  controllers  to  control  the  flow  rate  of  the  feed  to  the  reactor.  The  mode  of  reagent 
transport  depended  on  its  pl^ical  nature. 

Trimethylborane  was  gaseous  at  room  tenperature  and  it  was  transported  direct^  to 
the  reactor  using  a  flow  controller.  In  the  case  of  liquid  reagents,  namely  triethylborane  and 
tributylborane,  a  v^rizer  was  utilized  (Figure  1)  to  transport  the  reagents  to  the  reactor. 
Here,  the  reagent  was  transported  by  bubbling  hydrogen  through  the  vaporizer.  The 
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concentration  and  the  flow  rate  of  the  reagent  was  calculated  from  the  weight  loss  of  the 
vaporizer.  Tr^hcnylborane  is  solid  in  nature  and  a  solid  vaporizer  was  used  to  transport  this 
reagent.  The  vaporizer  containing  the  reagent  was  heated  to  ~200  °C  and  the  vaporized  solid 
was  carried  to  the  reactor  by  a  hydrogen  gas  flow.  In  many  runs  a  diluent  stream  was  also 
added  to  tl^  reagent  stream 

2.1.2  CVD  Reactor 

The  CVD  reactor  was  a  resistively  heated  hot  wall  furnace  with  a  water  cooled 
stainless  steel  shell  The  feed  to  the  reactor  entered  through  a  water  cooled  stainless  steel 
injector  and  the  furnace  was  heated  using  a  graphite  heating  element.  The  pressure  in  the 
furnace  was  measured  using  an  MKS  Baratron  pressure  gauge  (Type  122  A).  An  optical 
pyrometer  firom  Ircon  Co.  (Modline  Plus,  Type  R)  and  a  chromel-ahimnel  thermocouple  were 
used  to  measure  the  deposition  tenperature  at  the  exterior  surface  of  the  gr^hite  reaction 
chamber.  The  deposition  terrperature  was  controlled  using  a  ten^^rature  controller  firom 
Research,  Inc.  (Micristar,  Model  828D),  which  was  interfaced  with  the  pyrometer  and  the 
furnace  power  supply.  In  cases  where  the  pyrometer  was  not  operable  (ie.,  very  low 
tenperature)  the  tenperature  was  controlled  manually  by  adjusting  the  furnace  power  supply, 
the  tenperature  could  be  controlled  within  ±  20  °C. 

2.1.3  EflQuent  Handling  System 

The  exhaust  system  consisted  mainly  of  a  dry  scmbber  and  a  vacuum  puirp.  The 
scrabber  was  typically  fiUed  with  glass  wool  and  soda  lime.  The  function  of  the  glass  wool  was 
to  entrap  the  carbon  soot  and  any  other  particulate;  the  soda  lime  was  used  to  neutralize  acidic 
gases  in  the  exhaust  stream  The  vacuum  punp  was  used  to  evacuate  the  reactor  before 
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deposition,  and  control  the  pressure  at  some  value  between  10  to  760  torr  during  the 
deposition  run. 

2.2  Deposition  Geometry 

The  present  study  was  carried  out  by  suspending  the  substrate  verticalfy  in  the  reaction 
chaniber  as  shown  in  Figure  2,  which  will  be  referred  to  as  the  "vertical  suspension  geometry". 
This  configuration  is  useful  for  exploratory  studies  of  new  reagents  as  it  raables  the 
observation  of  differences  in  the  dqx)sit  as  a  fimction  of  vertical  distance  [5]. 

2.3  Substrates 

Two  types  of  a-Al203  plates  were  used  as  substrates  :(1)  1.27  cm  x  7.6  cm  x  0.0794 
cm,  Coors  Inc.,  Type  -ADS-96, 99.6%  and  (2)  1.905  cm  x  5.715  cm  x  0.0635  cm.  Materials 
Research  Corporation.  The  first  substrate  was  divided  into  six  1.27  cm  squares.  The  different 
squares  were  designated  A  to  F,  with  square  F  nearest  to  the  gas  injector  as  shown  in  Figure  2. 
The  second  substrate  type  was  divided  into  three  1.907  cm  squares.  They  were  denoted  by  A, 
B,  and  C,  with  square  C  nearest  to  the  injector  (Figure  2). 

2.4  Deposition  Procedure 

Tables  1,  2,  and  3  summarize  the  operating  conditions  of  the  runs  carried  out  with 
trimethylborane,  triethylborane,  and  tributylborane,  respectivefy.  In  this  study  the  tenqjerature 
of  the  runs  was  varied  between  400-1 100  ®C,  while  the  pressure  was  either  7-20  torr  or  760 
torr.  In  many  runs,  hydrogen  or  argon  was  added  as  a  diluent  to  the  feed.  The  general 
procedure  for  carrying  out  a  run  was  as  follows. 


5 


The  substrate  was  weighed  and  placed  inside  the  reactor  and  the  system  was  evacuated 
to  test  for  leaks.  Once  satisfied  that  the  leak  rate  was  less  than  0.2  torr/min,  the  reactor  was 
heated  to  the  desired  tenqjeratuie  while  flowing  argon  though  the  shell,  to  prevent  oxidation  of 
the  graphite  heating  element.  The  deposition  was  started  by  inifiafing  the  flow  of  reagent  into 
the  reactor.  The  deposition  was  terminated  by  stopping  the  reactant  flow.  The  reactor  was 
then  cooled  in  flowing  argon. 

2.5  Characterizfltion 

Scanning  electron  microscopy  (Hitachi  S4100)  was  used  to  observe  the  morphology  of 
the  deposits,  while  energy  dispersive  spectroscopy  (Noran  Voyager)  was  used  to  determine 
elemental  conposition. 

2.6  Quantification  of  Energy  Dispersive  Spectroscopy  (EDS)  Spectra 

Figiue  3  shows  a  typical  EDS  pattern  obtained  for  a  boron-caibon  film  To  first  order, 

the  elemental  conposition  of  the  film  was  calculated  based  on  the  peak  height.  The 

calculations  were  based  on  the  assunption  that  the  caibon  peak  was  symmetrical  The  boron- 

to-carbon  peak  height  ratio  was  calculated  based  on  the  following  formula. 

Boron  peak  ht  B-A 

Carbon  peak  ht  C 

Where, 

B  =  Peak  height  of  boron  at  Ka  =  0. 185  KeV 
C  =  Peak  height  of  carbon  at  Ka=  0.282  KeV 
A  =  Contribution  of  the  tail  of  carbon  peak  to  height  of  boron  peak. 
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3.  Results  and  Discussion 


3.1  Trimethylborane 

The  initial  nins  were  carried  out  with  onfy  trinieth5lborane  (20  seem)  as  the  feed,  Le., 
no  diluent  was  used.  The  films  deposited  in  these  runs  were  very  rich  in  carbon  and  did  not 
contain  any  boroa  During  the  course  of  these  runs  a  silvery  dqx)sit  was  observed  in  the  lower 
portion  of  the  reaction  chamber,  this  material  contained  trace  amounts  of  boron. 
Consequently,  it  was  hypothesized  that  the  boron  containing  radicals  in  the  gas  stream  were 
over-reactive,  resulting  in  boron  deposition  near  the  gas  injector.  This  hypothesis  was  further 
strengthened  by  the  observation  of  a  reddish  brown  powder  at  the  t^  of  the  injector,  whose 
color  corresponded  to  the  polymeric  form  reported  by  Brown  et  aL  [6]  on  deconpjsition  of 
trimethylborane  at  500  °C  in  a  closed  tube. 

To  increase  the  effectiveness  of  boron  radical  transport  to  the  substrate  surfk«,  the 
flow  rate  of  the  feed  was  increased  by  adding  a  diluent  (runs  14-17).  The  diluents  used  in  the 
present  work  was  either  hydrogen  or  argoa  The  flow  rate  of  the  reagent  and  the  diluent  were 
20  and  200  seem,  respectively.  The  addition  of  the  diluent  to  the  feed  did  not  result  in 
deposition  of  boroa  Considerable  deposition  of  carbon  occurred  on  the  substrate  but  no 
boron  was  detected. 

From  the  above  set  of  runs  it  was  concluded  that  the  potential  of  trimethylborane  to 
deposit  thin  films  containing  both  boron  and  carbon  in  a  hot- wall  furnace  is  very  limited. 
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3.2  Triethylborane 

Table  2  summarizes  the  results  of  the  runs  with  triethylborane.  The  chemistry  of 
triethylborane  indicated  the  potential  of  the  reagent  to  dqwsit  boron-carbon  films. 
Triethylborane  is  subjected  to  a  P-hydrogen  elimination  which  does  not  take  place  in  the  case 
of  trimethylborane.  Triethylborane  undergoes  elimination  of  the  P-H  bond  at  relatively  low 
terrperatures  (about  300  °Q  [7],  Le., 

and  subsequent  elimination  eventually  produces  borane  and  an  additional  olefin.  It  is  well 
established  that  the  borane  (diborane)  produces  elemental  boron  at  high  ten^jeratures  [8]  and 
hydrocarbons  deposit  carbon  at  corrparable  conditions.  Consequently,  triethylborane  was 
expected  to  be  a  better  reagent  for  the  deposition  of  boron-carbon  confounds.  Substantial 
amounts  of  boron,  in  addition  to  carbon,  were  deposited  in  the  triethylborane  runs.  The 
micrographs  in  Figure  4  show  two  morphologies  observed  for  the  films  deposited  using 
triethylborane.  One  of  the  micrographs  namely.  Figure  4(a)  shows  the  deposit  to  be  crystalline 
nature.  Similar  morphologies  were  observed  when  the  run  was  conducted  at  1000  °C. 
However,  in  the  case  of  low  terrperature  runs  the  film  showed  a  nodular  structure  as  shown  in 
Figure  4(b)  indicating  an  amorphous  deposit. 

The  amount  of  boron  deposited  depended  strongly  on  the  operating  conditions.  The 
ten:5)erature,.  spatial  position,  pressure,  and  diluents,  in  the  order  of  irrqwrtance,  affected  the 
boron  deposition  fiom  triethylborane.  The  following  sections  ejq)lain  in  detail  the  effects  of 
these  parameters. 
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3.2.1. Tenq)erature 

Ten5)erature  had  the  strongest  effect  on  the  amount  of  boron  deposited.  Lower 
tenqjerature  (400-600  ®Q  seemed  to  favor  the  depositfon  of  boroa  For  exairple,  fiom  runs 
19, 20,  and  28  it  can  be  seen  that  the  boron-to-caibon  ratio  increases  as  the  tenperature  of  the 
run  decreases.  This  trend  was  easily  observable  at  low  pressures  due  to  large  amounts  of 
boron  deposited  at  this  condition.  The  same  trend  was  observed  for  both  hydrogen  and  argon 
diluents  (runs  21  and  22).  This  phenomenon  can  be  attributed  to  the  relative  stability  of  the 
carbon  and  boron  radicals  in  the  gas  phase.  At  lower  tenqjeratures  (400-600  ®Q  the  carbon 
contairmg  radicals  are  very  stable  resulting  in  very  low  anmunts  of  carbon  depositiorL  This, 
coupled  with  boron  deposition,  results  in  high  boron-to-carbon  ratios  in  the  films  deposited  at 
lower  tenqjeratures.  Whereas,  at  high  tenperatures  (800-1 1(X3  °Q  naost  of  the  boron  radicals 
get  depleted  due  to  their  high  reactivity,  even  before  reaching  the  substrate,  resulting  in 
reduced  amount  of  boron  deposition.  This,  coupled  with  the  increase  in  the  amounts  of  carbon 
deposited,  results  in  low  boron-to-carbon  ratios  at  high  ten:?)eratures. 

3.2.2.  Spatial  Position 

The  amount  of  boron  deposited  depended  strongfy  on  the  spatial  position  of  the 
substrate.  For  exanple,  for  runs  20  and  33,  the  boron-to-caibon  ratio  decreased  fiom  position 
A  to  F.  In  all  the  runs  where  boron  was  deposited,  the  parts  of  the  substrate  that  first  came 
into  contact  with  the  feed  were  richer  in  boron.  ^>parently,  the  high  reactivity  of  boron 
radicals  coupled  with  fow  concentration  resulted  in  reduction  of  the  amounts  of  boron 
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deposited  with  distance  from  the  gas  injector.  Consequently,  the  boron-to-carbon  ratio  varied 
over  the  length  of  the  substrate. 

3.2.3  Pressure 

The  deposition  experiments  were  carried  out  both  at  atmospheric  pressure  and  under 
vacuum  (7-20  torr).  The  boron-to-caibon  ratio  in  the  deposits  was  higher  at  low  i^ssuies. 
For  exanple,  consider  runs  20  and  26,  which  were  carried  out  at  600  °C  with  hydrogen  as  the 
diluent.  EDS  spectra  of  the  films  deposited  in  these  runs  showed  that  more  boron  was 
deposited  under  vacuum  than  at  atmospheric  pressure.  The  same  phenomena  can  be  observed 
for  the  runs  performed  at  1100  ®C  (runs  19  and  27).  However,  the  difference  between  tte 
boron  content  deposited  at  the  two  pressures  was  much  lower  at  1 1(X)  “C,  as  compared  to  600 
°C,  due  to  more  carbon  deposition  at  the  higher  tenperature.  The  same  trends  were  observed 
for  the  cases  where  argon  was  used  as  the  diluent  instead  of  hydrogen.  The  low  boron 
deposition  observed  at  atmospheric  pressure  may  be  attributed  to  mass  transfer  resistance.  At 
atmospheric  pressure,  the  reaction  chamber  is  filled  with  argon  and  the  boron  radicals  have  to 
difiuse  through  the  argon  to  reach  the  surface  of  the  substrate.  The  bw  concentration  of  the 
boron  radicals  coupled  with  mass  transfer  resistance  reduces  the  concentration  of  boron 
radicals  near  the  substrate  surface,  thereby,  reducing  the  amount  of  boron  deposited  in  the 
films.  However,  in  the  case  of  carbon,  six  carbon  atoms  are  present  for  every  atom  of  boron  in 
the  reagent  resulting  in  excess  carbon  radicals  in  the  gas  phase.  Consequentfy,  the  effect  of 
mass  transfer  on  carbon  deposition  might  not  be  v«y  sevrae. 
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3.2.4.  Dfluent 


The  diluents  used  in  this  study  were  Itydrogen  and  argoa  The  boron-to-cartwn  ratio 
was  larger  in  those  cases  where  hydrogen  was  used  as  the  diluent  conpared  to  argon.  For 
exanple,  consider  runs  20  and  21  (Table  2)  which  were  conducted  at  600  °C  and  under 
vacuuia  The  high  boron-to-caihon  ratios  in  the  runs  with  hydrogen  is  due  to  the  reaction  of 
the  deposited  carbon  with  hydrogen  resulting  in  lowering  of  the  amount  of  carbon  in  the 
deposit  [  9  ].  This  reduced  amount  of  carbon  deposition  might  be  responsible  for  the  high 
boron-to-carbon  ratios  in  ttese  runs. 

3.2.5  Flow  Rate 

The  effect  of  different  flow  rates  of  fi»d  was  obtained  by  changing  the  diluent  flow 
rate.  It  was  observed  that  the  increase  in  flow  rate  of  the  feed  increased  the  boron-to-carbon 
ratio  by  a  small  amount.  Runs  19,  33,  and  38  show,  for  exarrple,  that  increasing  the  diluent 
flow  rate  from  975  to  4900  seem  increased  the  boron-to-carbon  ratio  from  0.07  to  0.5.  This 
can  be  attributed  to  effective  transportation  of  boron  radicals  due  to  increased  flow  rate  of  the 
feed. 

In  summary,  triethylborane  has  the  potential  to  be  used  as  a  reagent  to  deposit  boron- 
carbon  films.  Films  with  boron-to-carbon  ratios  from  0  to  as  high  as  1.5. 

3.3  Tributylborane 

Table  3  summarizes  the  results  of  the  runs  with  tributylborane.  Tributylborane 
undergoes  a  P-H  elimination  similar  to  trfethylborane.  Hence,  the  behavior  of  this  reagent  was 
expected  to  be  similar  to  that  of  triethylborane.  However,  its  behavior  was  very  erratic.  This 
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variability  was  due  to  the  condensation  of  the  reagent  in  the  suppfy  lines  and  tow  volatility  of 
the  reagent. 

In  the  initial  runs  the  feed  contained  only  the  reagent  without  any  diluent.  The  films 
deposited  in  these  runs  were  typically  rich  in  caibon  and  did  not  show  any  presence  of  boron. 
One  exception  was  the  film  deposited  at  a  ten5)erature  of  500  ®C  and  a  pressure  of  8.6  torr 
(run  44),  which  contained  boron.  This  can  be  attributed  to  a  high  rate  of  reagent  consunption 
con5)ared  to  typical  values.  The  lack  of  boron  deposition  in  most  of  the  above  runs  can  be 
ascribed  to  the  tow  volatility  of  the  reagent. 

In  the  next  set  of  e3q)eriments  an  argon  diluent  was  added  to  the  feed  containing 
tributylborane  (runs  48-54).  Substantial  amounts  of  boron  were  deposited  in  addition  to 
carbon  at  a  teiiqjerature  of  500  ®C  and  a  pressure  of  18.6  torr.  Boron  was  absent  in  the  runs 
conducted  at  800  or  1 100  °C  and  low  pressures.  During  the  course  of  these  experiments  large 
amounts  of  liquid  tributylborane  was  detected  in  the  reagent  lines.  Consequently,  the 
transportation  of  the  reagents  to  the  reactor  was  affected,  thereby,  hindering  the  film 
dq)osition.  This  limitation  was  circumvented  by  heating  the  reagent  lines  to  100°C  with 
heating  tapes  and  the  vaporizer  to  ~50°C  in  a  water  bath. 

The  atmospheric  pressure  runs  with  argon  as  the  diluent  (runs  63-65)  were  conducted 
after  cleaning  the  lines.  Large  amounts  of  boron  and  carbon  were  deposited  for  the  run 
conpleted  at  500  “C  (run  65).  However,  films  very  rich  in  carbon  without  any  boron  were 
obtained  for  the  runs  at  8(X)  and  1100  “C.  Atmospheric  pressure  runs  with  hydrogen  as  the 
diluent  were  also  conpleted  with  heated  reagent  lines  and  v^xjrizer.  There  was  no  deposition 
at  500  °C  and  only  very  thin  films  were  obtained  at  800  and  1 100  °C. 
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In  summary,  tributylborane  deposits  boron  and  carbon  only  at  very  low  teii;)eratuies. 
Also,  the  very  low  vtqwr  pressure  of  the  reagent  complicates  obtaining  high  deposition  rates. 

3.4  Triphenylborane 

To  study  the  feasibility  of  tr^henylborane,  runs  were  completed  at  different  pressures, 
temperatures,  and  with  different  diluents.  All  the  runs  were  30  minutes  in  duration.  Most  of 
the  runs  did  not  result  in  film  deposition.  In  cases  where  deposition  occurred  the  films  were 
very  thin  and  contained  only  carbon. 

The  absence  of  film  deposition  in  most  of  the  runs  can  be  attributed  to  the  low  v^)or 
pressure  of  the  reagent.  Triphenylborane’ s  vrpor  pressure  is  about  1 1  torr  at  200  °C.  This  low 
vjpor  pressure  makes  the  concentration,  or  the  partial  pressure,  of  the  reagent  in  the  feed  very 
low,  leading  to  a  very  low  deposition  rate.  One  way  of  increasing  the  concentration  of  the 
reagent  in  the  feed  is  to  reduce  the  pressure  inside  the  vaporizer,  this  increases  the  partial 
pressure  of  the  reagent  in  the  feed.  Accordingly,  several  runs  were  conducted  keeping  the 
vaporizer  under  vacuum  However,  this  method  led  to  the  blockage  of  the  vaporizer  outlet  by 
trphenylborane  crystals.  It  was  never  possible  to  conduct  a  30  min  run  without  experiencing 
blockage. 

From  the  above  it  can  be  concluded  that  trphenylborane  is  not  a  very  suitable  reagent 
for  preparation  of  boron-carbon  dposits  due  its  low  vpor  pressure.  Also,  the  solid  nature  of 
the  reagent  poses  problems  in  its  uniform  transport  to  the  fiimace.  Perhaps  feeding  the  reagent 
as  a  solid  powder  or  aerosol  would  alleviate  the  problem  of  transporting  the  reagent  to  the 
CVD  fiimace  [10,1 1]. 
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4.  Conclusions 


(1)  Triethylborane  is  the  most  promising  reagent  of  those  investigated  for  deposition  of  boron- 
carbon  iBlms. 

(2)  The  ratio  of  boron-to-carbon  in  the  dqwsit  when  using  triethylborane  depended  strongly  on 
the  tenperature,  pressure,  type  of  diluent  and  its  flow  rate.  The  highest  boron-to-caibon  ratio 
was  obtained  for  runs  conducted  at  tow  tenqwratures  (40Q-600®Q  and  tow  pressures  (7-20 
torr). 

(3)  Tributylborane  showed  potential  to  deposit  films  containing  both  boron  and  carbon  at  tow 
temperatures.  However,  the  tow  vapor  pressure  of  the  reagent  would  result  in  very  tow 
deposition  rates. 

(4)  Trimethylborane  and  triphenylborane  are  not  very  suitable  reagents  for  preparing  boron- 
carbon  films  in  a  hot-wall  CVD  furnace. 
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Table  1:  Operating  Conditions  of  Runs  with  Triinethylborane. 


Run  No. 

Temperature  (°C) 

Pressure 

(ton) 

Reagent 
Flow  Rate 
(seem) 

Diluent  Type 

Diluent  Flow 
Rate  (seem) 

1 

1100 

7.7 

13.6 

5 

800 

6.1 

23.1 

2 

500 

5.7 

18.3 

11 

800 

760 

17.8 

7 

500 

760 

17.0 

3 

1100 

760 

20.4 

15 

1100 

9.5 

13.0 

Argon 

200 

16 

1100 

6.2 

11.9 

Hydrogen 

200 

14 

1100 

760 

14.9 

Argon 

200 

17 

1100 

760 

13.8 

Hydrogen 

200 

*A11  Substrates  were  Type  1. 


Table  3:  Operating  Conditions  and  Results  of  the  Runs  Done  with  Tributylborane. 


Run  No. 

Temperature 

CQ 

Pressure 

(torr) 

Reagent 

Flow 

(seem) 

Diluent  Type 

Diluent 
Flow  Rate 
(seem) 

B/C  Peak  Heights 

Sample  Position 

A 

B 

c 

43 

1100 

8.1 

16 

- 

• 

0 

0 

0 

42 

800 

8.3 

4.8 

- 

- 

0 

0 

0 

44 

500 

8.6 

45.3 

- 

- 

0 

0 

0.15 

46 

1100 

760 

0.5 

- 

- 

0 

0 

0 

A1 

800 

760 

4.8 

- 

• 

0 

0 

0  ! 

45 

500 

760 

9.6 

- 

- 

0 

0 

0 

49 

1100 

20.1 

3.2 

Argon 

975 

0 

0 

0 

54 

800 

20 

4.8 

Argon 

975 

0 

0 

0 

50 

500 

18.6 

6.4 

Argon 

975 

0 

0 

0.39 

51 

1100 

760 

4.3 

Argon 

975 

0 

0 

0.06 

53 

800 

760 

4.3 

Argon 

975 

0 

0 

0 

65 

500 

760 

2.1 

Argon 

1000 

0 

0 

0.03 

61 

800 

13.2 

3.7 

Hydrogen 

975 

0 

0 

0.23 

56 

500 

15 

3.7 

Hydrogen 

975 

No  Film  Deposited  1 

63 

1100 

760 

3.7 

Hydrogen 

975 

0 

0 

0 

64 

800 

760 

9.1 

Hydrogen 

975 

0 

0 

0 

68 

500 

760 

9.1 

Hydrogen 

975 

No  Film  Deposited 

*  All  the  substrates  were  type  2. 


20 


P  -  PRESSURE  GA 
T.C.  -  THERMOCOUI 


UJ  UJ 
flC  QC 

o  o 

|gi 

i  i 


io  ii 


11=1 


Figure  1.  Experimental  apparatus  for  CVD  of  boron-carbon  films. 
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Figure  2.  Vertical  suspension  geometry  was  used  to  study  the  deposition  of  boron-carbon  film. 
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Figure  3.  A  typical  EDS  pattern  obtained  for  boron-carbon  films. 


Figure  4  (a).  Micrograph  showing  crystalline  morphology  of  the  films  deposited  at  the 
higher  temperature  (1000°C). 


Figure  4  (b).  Micrograph  showing  the  typical  amorphous  morphology  of  the  films 
deposited  at  lower  temperatures  (400-600°C). 
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